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Abstract
Karumuri, Anil Kumar. Ph.D., Department of Mechanical and Materials Engineering,
Wright State University, 2014.
Hierarchical Porous Structures Functionalized with Silver Nanoparticles: Adaptation for
Antibacterial Applications

For a large number of applications involving surface interactions, there is an ever
growing demand for materials with high specific surface area (surface area to volume
ratio). Porous materials and nanomaterials offer higher specific surface area (SSA) each
with their respective advantages and disadvantages. This research program is focused on
bringing the two approaches together to create truly “hierarchical” materials that combine
advantages of both while minimizing their disadvantages.
In this study, various carbon based porous geometries were fabricated by grafting carbon
nanotubes (CNT) onto highly porous reticulated carbon foams. These structures were
further modified by functionalizing metal nanoparticles such as silver (Ag). Carbon as the
base material provides desirable structural, thermal and electrical properties combined
with environmental inertness. Silver nanoparticles have important anti-bacterial
applications as well as future potential as sensors and electro-active devices.
Mathematical models and fluid permeability tests were performed to enable comparison
and adaptation of hierarchical porous structures for potential water treatment devices.
Surface wettability was modified via liquid phase sol-gel method. Carbon nanotube
grafted surfaces were coated with silica and influence of these coatings on surface
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wettability, fluid permeability, nanoparticle growth, and antibacterial efficiency were
studied.
Microstructure characterization of CNT grafted surfaces, silica modification, and
nanoparticle deposition of these structures was studied using secondary (SE), backscatter
(BE), and scanning transmission (STEM) electron microscopy. Chemical composition
and surface chemistry of these structures were studied using energy dispersive X-ray
spectroscopy (EDS) and X-ray photoelectron spectroscopy (XPS) respectively.
Crystallographic studies were done using X-ray diffraction (XRD) studies.
Influence of CNT grafting and silica coatings on surface wettability was studied via static
contact angle measurements. The anti-bacterial performance of these materials under
different types of water flow configurations were tested with gram negative E. Coli K12
bacteria. Water permeability measurements of the different surface modifications on
hierarchical porous structures were performed and correlated with porous structure at
micro and nano scales. This study provides a comprehensive ground work for next
generation functional hierarchical materials suitable for water purification devices.
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Chapter 1: Introduction
1.1

Motivation

The effectiveness of many nanomaterial based devices depends upon their available
specific surface area (surface area to volume ratio) [1]. Specific surface area (SSA) is
important to maximize surface to surrounding and vice versa exchanges. This has
triggered a race in the scientific community to develop materials with high SSA either to
improve the existing functionality or to provide additional functionality within the
available space. There are two ways to attain higher SSA; making the materials smaller
(nanomaterials) or increasing its porosity (porous materials). Each approach has
advantages and disadvantages as discussed in later sections. Most investigators
concentrate on either of the two approaches. However the practical issue in case of
porous materials is that excessive porosity in non-living systems makes them structurally
weak. On the other hand, most nano-materials are in the form of nanotubes or
nanoparticles have very high SSA, but isolated nano-materials are difficult to handle and
can pollute the environment. This research is focused on bringing these two approaches
together to create truly “hierarchical materials” that combine advantages of both while
minimizing their disadvantages.
Hierarchical morphology can be defined as co-existence of different length scale
materials seamlessly integrated into one structure. Hierarchical materials are widely
present in nature [2]. Some of the natural examples of hierarchical structures include
roots, neurons, tendon, nacre shell, and glass sponges. These naturally occurring
structures can be emulated for making synthetic materials. However, fabrication,
1

characterization, and modeling of hierarchical materials are not an easy task as
“uncompromising” integration of varying length scales is quite difficult. The different
length scale materials could be made of similar materials (chemically) or different
materials. While the chemically similar materials in the hierarchy alter the existing
property, addition of new materials often add (or provide) additional functionality.
Recent advancements in micro and nano fabrication, characterization techniques, and
multi-scale modeling have made synthetic hierarchical materials possible.
Fabrication of porous hierarchical structure starts with the selection of suitable support
porous material (or foam). Porous materials are defined as continuous distribution of
solid and empty space and categorized as either "open-cell" or "closed-cell". There are
several major differences between the two types, leading to advantages and disadvantages
for both, depending on the desired application requirements. Open cell foams allow
controllable fluid permeability and SSA due to its interconnected network of voids.
According to many mathematical models developed for open cell porous materials,
combination of higher porosities and smaller voids could increase SSA to unprecedented
levels. However, increase in porosity always leads to decrease in strength and structural
durability, providing severe limitations on the practical applications of such materials.
Instead the more logical step is to graft a layer of “nano hair” like structures very similar
to hierarchy in roots, lotus leaf, gecko feet, and neuron cells [3]. Among many types of
nanostructures that can be grafted, carbon nanotubes (CNT) are the most viable option
due to its well-developed fabrication methods [4] and similar to well-studied carbon
surface chemistry. This provides a high surface area hierarchical structure with features
that can be engineered at both micro and nano scales. These materials have many
2

applications [5] as support structures for functional nanomaterials for catalysis, energy
storage (i.e. hydrogen, natural gas), liquid purification, separation, bio scaffolding,
tissue/cell regeneration, core materials for structural, and thermal management
composites [6].
Theoretically speaking, “gross (or theoretical)” SSA would undoubtedly play a major role
in surface-surrounding interactions. However the “net (or effective)” SSA determines the
effectiveness of surface area related functionalities. Unlike the gross SSA of materials,
the net SSA is dependent of the surrounding environment. For example, theoretically
CNT and aligned CNT grafted surfaces exhibit hydrophobicity (contact angle
90°≤θ<150°) to super hydrophobicity (≥150°) due to its inherent non-polarity and micro
and nano-scale roughness [7]. Super hydrophobicity of CNT grafted surface decreases the
surface area utilization (or net SSA) in the presence of high surface tension liquids such
as water (72 N/m). Overall, poor surface wettability would have an adverse effect on
liquid (high surface tension liquids) based nanoparticle (NP) functionalization as well as
their applicability in thermal management, structural composites, and liquid purification
devices. Surface wettability and chemistry of the CNT grafted surface can be controlled
by covalent functionalization by either surface etching [8] or surface coating. This
dissertation has explored the effects of surface area and surface modifications on liquid
purification applications, which will be explained in details in the following chapters.
This dissertation is intended to investigate suitable porous support structures for CNT
grafting and creation of hierarchical porous structures. These structures offer high surface
area supports for deposition of metal nanoparticles. Silver is selected as the metal of
choice for targeted water purification applications. Influence of support surface area on
3

the antibacterial efficiency of silver nanoparticles (AgNP) functionalized hierarchical
structures were studied in the liquid medium. Possible surface modification methods to
improve the “effective” of surface area of the hierarchical supports are also discussed.
Overall, this dissertation has presented the influence of surface chemical and structural
modifications on surface wettability, nanoparticle functionalization, particle size, density,
surface area utilization, and finally the antibacterial efficiency.

1.2

Support structures selected for this study

The first and fundamental step in building hierarchical materials is to select a suitable
porous support. Compared to either ceramic or metallic foams, carbon based materials are
superior in many regards due to lighter weight, higher thermal and electrical conductivity,
chemical stability, and versatility. Foam structures basically forms due to the fact that
volume space can be partitioned into equal sized volumes with minimal contact area
between them [9]. Depending on precursor pitch and processing conditions, cell size and
architecture can be controlled. This has led to wide variety of porous carbon materials
with varying degrees of densities, porosities, thermal and electrical conductivities, and
mechanical strengths.
Among many varieties of porous materials available, we have selected two types of
carbon based porous structures based on their architectural diversity. We also selected
microscopically smooth solid graphite substrate for quantification studies. Summary of
important physical properties of selected support materials are shown in below table 1.
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1.2.1 Highly oriented pyrolytic graphite (HOPG)
Highly oriented pyrolytic graphite (HOPG) [HOPG ZYH grade provided by Molecular
Imaging] is used in this study. The HOPG is a standard flat carbon substrate having well
defined geometry and similar surface chemistry to foams, hence suitable for in-depth
characterization and quantification analysis. Physical properties of commercially
available graphite vary significantly depending on the degree of crystallinity; hence only
ranges are given in the table 1.
1.2.2 Microcellular carbon foam
Carbon foams are made from traditional blowing techniques or pressure release to
produce foams from thermoplastic graphitizable precursors such as petroleum-derived,
coal-derived and meso-phase pitches [10]. Microcellular carbon foam is an open cell
cellular solid with interconnected voids spread three dimensionally. Many types of
cellular carbon foams with varying porosities and graphitization are available
commercially. In this study, L1a grade of foam supplied by Koppers Inc. is selected due
to its comparatively open cell architecture. Relatively speaking, cellular foams exhibit a
higher degree of solid crystallinity due to graphitic flakes aligned along the cell walls.
Due to this reason, cellular foams have many applications in thermal management, fire
resistant, core materials for sandwich composites, and acoustic absorption panels. From
the manufacturer’s database, some of the important physical properties of selected
cellular foam are summarized in the table 1. Some of the information provided on this
table is cross checked and used when required.
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1.2.3 Reticulated vitreous carbon foam
Reticulated carbon foams are typically fabricated from the pyrolysis of thermosetting
polymer foam, resulting in skeleton or vitreous carbon struts. Reticulated vitreous carbon
foams (RVC foams) selected in this study were provided by Ultramet Inc. These
structures have network like architecture with voids connected together by amorphous
carbon struts. Two kinds of reticulated foams; 40 pore per inch & 80 pores per inch (PPI)
were considered. According to the manufacturer’s database, all physical properties other
than pore size are identical for the various PPI foams. Compared to cellular foam,
reticulated foam is made up of predominantly amorphous carbon, lighter, weaker, and
have higher solid SSA. As seen from the table 1, higher porosity leads to lower bulk
physical properties. Due to the high porosity, reticulated foams have many applications in
the field of fluid filtration & purification devices, energy storage devices, catalysis, and
biomedical devices.

Flat graphite

Cellular foam

Reticulated foam

Micro Porosity (%)

N/A

78

97

Compression strength (MPa)

20-200

1.7

0.763

Flexural strength (MPa)

6.9-100

2.1

58.6

Electrical Conductivity (S/cm)

2000-333

245

1.33

25-470

55

0.085

1.2-8.2

1.72
(@ 650°C)

1.15-1.65
(0-1000oC)
1.538

0.38

0.045

Bulk Thermal conductivity
(W/m. K @200oC)
Coefficient of thermal expansion
(10-6/°C)
Ligament density (g/cc)
Bulk density (g/cc)

2.27
2.09-2.27

Table 1: Summary of important characteristics of selected support structures (from the manufacturer’s database)
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1.3

Scope of the study/Applications

It is well know that nanoparticles supported on solid substrates are limited by the specific
surface area (SSA) of the support. In this dissertation, SSA limitation of traditional
supports were addressed by attaching silver nanoparticles (AgNP) on specially designed
hierarchical structures having unusually high SSA, thereby maximizing the nanomaterial
advantage without the risks of using loose nano-powders. Further surface wettability
improvement modifications on these structures would allow greater exploitation of
support SSA, there by NPs supported on these structures would be expected to increase
the efficiency many folds compared to NPs deposited either on surfaces without CNT
grafting or CNT grafted surfaces with no surface modifications. These findings provide
the additional advantage that the surface area, surface wettability, permeability, NPs
deposition densities and sizes can be tuned in future for specific applications. Silver
nanoparticles functionalized high surface area structures have applications [11] in
catalysis, health industry, optics due to strong surface plasmon resonance, bio sensing
[12], cosmetics, thermal transport [13], electrodes, textile industry, bio-sensors, and
environmental applications [14]. In addition, certain properties such as antibacterial
properties seen to be improved under electric field for which a conductive support like
carbon is very much needed [15].

1.4

Objectives

The main objective of this research is to fabricate high surface area hierarchical porous
structures and investigate the influence of various surface modification methods on
effective utilization of the surface area for targeted functions. Below are the critical steps
involved in accomplishing the stated goal:
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Specific surface area analysis and selection of suitable prefabricated porous
structures to support and build hierarchical materials.



Fabrication of high surface area hierarchical porous carbon structures by grafting
through thickness CNT.



Employ various surface modification methods to improve surface wettability of
hierarchical surfaces.



Developing and/or adopting analytical models to study and understand the
influence of surface modifications on the effective surface and fluid flow
behavior.



Comprehensive characterization of influence of surface modifications on AgNP
functionalization on particle size and density (particles per area)



Functionalization of as fabricated and surface modified hierarchical porous
structures with AgNP and adaptation in environmental purification devices.



Influence of surface modifications on antibacterial efficiency of AgNP supported
hierarchical structures under different service conditions.

1.5

Dissertation outline

This dissertation is outlined into many chapters, each explains the processes involved.
Chapter 1: The dissertation starts with motivation, scope, and objectives of the current
research. In this chapter, background and the importance of this study along with selected
support materials used in this study has been explained.
Chapter 2: This chapter discusses previous reported research related to CNT synthesis
and grafting on predefined porous structures, AgNP deposition on support structures,
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surface modifications techniques for wettability improvements, and fluid flow
characterization of three dimensional porous structures. This chapter provided a
comprehensive review of important literature that went into conducting this research.
Chapter 3: In this chapter, we define the various characterization tools used in this
research. This chapter also discusses the experimental set up used for static contact angle
(CA) measurements and fluid flow characterizations for porous materials.
Chapter 4: This chapter explains how the selected porous supports were studied for SSA
and fluid permeability using pre developed mathematical models and pressure drop vs.
velocity characteristics respectively. The models and experiments used for selecting
suitable porous support for grafting through thickness CNT to create hierarchical porous
carbon structures have been presented.
Chapter 5: This chapter discusses the silica coatings on CNT grafted surfaces for surface
wettability improvement. Detailed surface morphological, structural, and chemistry
characterizations of silica coated CNT grafted surfaces were studied. Influence of silica
coatings and surface oxygen absorption on wettability was studied using CA
measurements and x-ray photoelectron spectroscopy.
Chapter 6: In this chapter, influence of various surface modifications on fluid flow
behavior in the porous structures has been discussed. These studies provide an important
insight into surface area utilization and permeability in light of varying surface
wettability.
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Chapter 7: This chapter discusses the AgNP functionalization on various surface
modified CNT grafted structures. Influence of surface modifications on AgNP growth
and deposition densities were measured quantitatively, and are shown here. Crystal
structure and chemical states of the nanoparticles were also studied in detail.
Chapter 8: Antibacterial disinfection performance of AgNP functionalized various
surface modified porous structures were examined, and are presented in this chapter.
Disinfection test performed in various test modes showed a direct relationship between
surface area and surface wettability on the antibacterial performance of these devices.
Chapter 9: This chapter summarizes dissertation in a series of short and concise
paragraphs.
Chapter 10: This chapter discusses the future work required before implementing these
devices in the field.
Chapter 11: All the references cited are listed in this chapter
Chapter 12: Some of the important/useful auxiliary information obtained over the course
of this dissertation is included in this chapter. The data provided in this “appendix” may
or may not have direct relation with the rest of the research but provide quick data that
can be used for future research related to this field.
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Chapter 2: Literature review

2.1

Carbon nanotubes fabrication

Since the discovery of carbon nanotubes (CNT) in early 1990 by Sumio Iijima [16], these
materials have found their way into many applications including nanotechnology, optics,
electronics, and other advanced applications. Carbon nanotube is a hollow cylindrical
nanostructure created by rolling a graphene sheet along a chiral vector. The physical and
chemical properties of the CNT depend on the chiral angle and vector components.
Synthesized CNT come in three varieties; single walled (SWCNT), double walled
(DWCNT), and multi walled carbon nanotubes (MWCNT). These structural changes
depend on processing parameters, raw materials, and method used for synthesis [17],
[18]. The typical sizes of the CNT range from 1-100nm in diameter to lengths up to
several hundred micros. Currently there are a number of techniques [4] available to
synthesize CNT including arc discharge, laser ablation, high pressure carbon monoxide
conversion (HiPCO), flame synthesis, and chemical vapor deposition (CVD). Most of the
aforementioned methods are useful for synthesizing only standalone CNT (CNT powder)
and have their corresponding advantages and disadvantages.
Currently, CVD is the only technique [19] that can be used for growing CNT on a
predefined support. Other advantages of CVD technique include scalability, mass
production, cost effectiveness, and versatility. On the flip side, CVD method offers less
control over the resulting CNT structure than some of the other methods and chamber
sizes limit the substrate size.
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Growing CNT on the predefined substrate via CVD method requires a metal catalyst
which can be provided in two ways; pre deposition of catalysts and floating catalyst
method. Even though metal catalysts are necessary in both the methods, floating catalyst
method eliminates the extra step in the CNT grafting process. In the floating catalyst
method, both the metal catalyst and carbon precursor gases were deposited on the
substrate at the same time. While there are several catalyst choices available [20], it has
been suggested that Ni, Co, and Fe are ideal due to sufficient carbon solubility and
carbon-metal phase diagram similar to Fe-C phase diagram. It is observed that carbon
source also plays an important role on the catalytic activity of the metal. For example,
under identical catalysts and synthesis conditions, C2H2 and C2H4 seem to be more
reactive than CH4 [21]. Finally, carburization of the catalyst, i.e., formation of metal
carbides, plays an important role in the catalytic process as carbon precipitation lead to
the formation of CNT.
Carbon nanotubes via CVD method are observed to grow abundantly only on certain
nitride and oxide substrates [22], [23] and growth on other materials (for example, steel,
aluminum) are observed to be very minimal to none. Growing CNT on any other
predefined substrate requires buffer layer/coating to support the subsequent CNT growth
via CVD process. Among the limited choices of buffer layer materials, SiO2 is one of the
most versatile due to its dielectric properties, proven diffusion barrier and ease of
deposition.
There are several thin film deposition methods [24] available for deposition of silicon
oxides on carbon based substrates. Silica precursor liquids such as silicones, siloxanes
[25], and silicates [26] were of particular interest due to high vapor pressures at normal
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room temperature, ease of chemical decomposition, and high silica densities.
Mukhopadhyay et.al., [27] successfully applied microwave plasma assisted chemical
vapor deposition (M-PECVD) coatings on to carbon using hexamethyl disiloxane
(HMDSO)/O2 gas mixture at room temperature. Silica coating via this method was shown
to be durable and well bonded to the surface. This method also allows silica growth on
uneven surfaces like foams and acts as a buffer layer for CNT growth/grafting [28].
A layer of strongly attached CNT can enhance SSA and properties that involve surface
interaction with the surrounding. Carbon nanotubes have previously been grafted on
larger carbon based structures such as fibers and fabric cloth for structural composites
[29], [30] and electric capacitors [31]. However CNT grafting on irregular substrates like
the aforementioned porous materials has not been reported. Mukhopadhyay et.al., have
published several papers [27], [28] on CNT grafting on uneven geometries like the foams
selected in this research. These structures open up new potential applications ranging
from structural composites [32] to thermal management [33] to biomaterials [34]. This
dissertation has adopted the combination of M-PECVD silicon oxide coating and floating
catalyst CVD method to grow CNT on the selected porous structures. The CNT growth
parameters are substrate dependent and will be discussed in following sections in detail.

2.2

Oxide coatings for wettability

Surface wettability of any material surface is governed by both chemical composition and
geometrical microstructure of the contact surface [35]. Surface wettability is
quantitatively represented by contact angle (CA) and measured using a static sessile drop
test. According to the Young’s model of wettability (simplest geometry), CA of
measuring liquid on a surface is determined from the thermodynamic equilibrium
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between solid-liquid-vapor interfaces. It means that for the completely wettable surface,
the solid-vapor interfacial surface energy is much higher than the sum of interfacial
energies of liquid-solid and liquid-vapor. Though there is no general agreement of water
CA on graphite [36], compact solid of graphene layers, the most agreed CA values for
single layer graphene, multi-layer graphene, and highly oriented pyrolytic graphite
(HOPG) are more than 90° [37]–[39] depending on the structural and chemical purity.
The non-polarity, inherent micro and nano-scale surface roughness makes the CNT
grafted surfaces decrease their surface wettability, making graphene based structures
super hydrophobic.
Surface energy and chemistry of the CNT grafted surface can be controlled through
covalent functionalization by grafting oxygen bearing functional groups [8] via liquidphase or gas-phase oxidation. In this method, oxygen bearing functionalities such as
hydroxyl, carbonyl, ester, carboxyl, and nitro groups are introduced into the CNT. In case
of liquid phase oxidation, CNT are treated with nitric acid [40] , sulfuric acid [41] or
mixtures of both [42] and/or “piranha” (sulfuric acid–hydrogen peroxide) [43]. In case of
gas phase oxidation, CNT were treated with oxygen (thermal or plasma) [44], carbon
dioxide, UV/ozone radiation [45], or with air/water vapor at high temperatures [46].
However most of these processes cause significant structural damage to CNT and
compromise CNT carpet integrity. Moreover, surface absorbed species may not impart
permanent wettability and can easily undergo desorption with high temperature
treatments [47]. Therefore surface functionalization techniques should be carefully
selected. The alternative approach to this problem is to coat CNT with thin films of high
energy materials.
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There are many approaches for coating surfaces to improve their surface wettability.
However, the selection of best method and material will depend on the chemistry and
morphological features of the substrate [24]. For example, M-PECVD silica coatings
enable thin glass like coatings on carbon substrates at room temperature (RT) and are
shown to improve water wettability and adhesion [27]. However it was observed that
without the presence of O2 in HMDSO vapor, it did not promote O-S-O network.
Introduction of oxygen can etch and structurally damage the CNT carpets. In general,
surfaces grafted with CNT carpets rule out the possibility of many deposition methods
involving high energy plasmas and temperatures, leaving liquid based deposition
methods as the more viable choices.
Liquid based deposition methods using spin and spray coatings are suitable only for flat
surfaces and cannot be used for uneven substrate like foams and CNT grafted surfaces.
On the other hand, dip coating technique is ideal for foam structures and successfully
tested in our earlier reports [48]. Sol-gel dip coating method is suitable for select thin film
coatings due to well-studied chemistry, involves no expensive equipment, easy
processability and scalability. Moreover, certain precursor chemicals such as tetra ethyl
orthosilicate (TEOS; Si(OC2H5)4), aluminum isopropoxide (Al(OC3H7)3), and titanium
isopropoxide (Al(OC3H7)3) undergo hydrolysis at standard temperature and pressure
(STP) conditions and can be used more easily.
In the past, sol-gel silica coatings were tried on carbon/graphitic plates [49] for improving
the surface wettability, an important requirement for applications such as implants and
nano-composites [50]. However, earlier sol-gel method is known to yield a micro-scale
coating which is well above the size of nanotubes in the CNT carpet.
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Recently, Yingkui Yang et. al., [51] has developed standalone silica nanotubes using
CNT templates as well as silica coated CNT. Min Zhang et. al., has also reported [52],
[53] the synthesis of silica coated standalone CNT as well as their application as devices
for size selective protein separation. One common feature among aforementioned reports
used rigorous ultrasonication and surfactants for coatings standalone CNT. The silica
coatings were observed to be slightly uneven but more importantly yielded 10-20nm
silica layers on the CNT.
In the current research, earlier sol-gel dip coatings method was modified for ultra-thin
silica coatings on the close-packed and aligned CNT arrays grafted on porous structures.
Unlike reports from Yang and Zhang, no surfactants and ultrasonication steps could be
used here, because it was seen in our earlier [54] reports that high power ultrasonication
can peel of the CNT carpet from the carbon support, because of the extremely high
aspect ratio of CNT which can magnify the stress at the roots.

2.3

Fluid permeability and surface area of porous materials

Water flow through the porous materials will be important if these structures are to be
adapted for water disinfection applications. Fluid flow phenomenon in porous medium is
common in nature and many engineering and biological applications such as water
transport in plants [55], oil extraction in wells, catalysts carrier, and purification devices.
Fluid flow in confined space is driven by pressure difference across the two points
(generally referred as pressure drop) which depends on the microstructure, fluid velocity
and properties, physical, and chemical properties of the medium. Correct estimation of
pressure drop is essential to predict fluid permeability which is an important factor for
designing industrial systems.
16

The effective open porosity is one of the factors influencing pressure drop. This can be
related to SSA of the solid phase (Sv-solid, apparent surface area of the solid over solid
volume) that is widely discussed for many functionalities related to fluid-solid
interactions. Some examples include nanoparticle depositions, antibacterial effectiveness,
filtration and separation, and catalysis.
In this regard, Henry Darcy first defined the permeability of fluid in porous medium
which is analogues to Fick’s law in diffusion, Fourier’s law in conduction, and Ohms law
in electricity. Darcy’s law of fluid permeability is given in equation 1 form based on the
experimental observations.

( )……………………………………….…… 1
Here, Q, A, K, ∆P, µ, and L are volumetric flow rate, exposed surface area of porous
medium, fluid permeability coefficient, pressure gradient, fluid viscosity, and length of
the porous medium respectively. Darcy's law is only valid for slow laminar, viscous
flows such as groundwater and Reynolds numbers up to 10. This law was further
modified by Forchheimer for higher flow rates by adding non-linear “non-Darcy
coefficient” to suite for higher flow rates which represents the inertial forces [56].

√

In equation 2,

…………………….. 2

is superficial fluid velocity and equal to the ratio of Q/A. ρ is fluid

density and Cf is inertial coefficient. However the original Darcy - Forchheimer equation
does not include any structural parameters of porous materials. Ergun and Orning [57]
developed equations for pressure drop across spherical particles in packed beds, which
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was further modified for many porous structures ranging from textile cloth [58] to open
cell three dimensional porous structures with wide range of porosities[59][60]. The Ergun
equation most suitable for the porous structures used in this study are shown below in
equation 3
(

)

(

)

………………………3

Terms Sv-solid and ε are SSA of solid phase in the porous medium and fractional open
porosity respectively. α and β are fit coefficients for viscous and inertial terms
respectively. More recent papers have suggested that these coefficients depend on porous
structure morphological parameters and dimensionless correlations [60].
For a selected fluid, experimental relationship between ΔP/L and

can be measured and

compared with equation 3 and α and β fit coefficients can be deduced. This equation is a
useful tool in predicting the SSA, fluid permeability, and inertial force in relation with
structural parameters of the material such as Sv-solid and ε. Inayat et. al., has published a
series of papers [60], [61] which successfully used these equations for predicting SSA of
catalyst supported ceramic foams. SSA of a porous medium can also be measured
experimentally using other techniques such as BET, MRI, and CT scans, and compared
with these.
An important point to note is that the above equations are effective for modeling flow at
macro scales. Surface/interface issues such as surface wettability, fluid slip, capillary
flows, nano-scale surface morphologies, and surface roughness were not included in
these. In this study, the goal is to investigate how surface modification methods
(attachment of CNT and functionalization of CNT) influence fluid flow. Therefore
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additional term(s) involving capillary forces, surface energies, and contact angles need to
be included.
The influence of surface tension is introduced in a much simpler form in the literature
[62], involving fluid flow in a horizontal tube. Physical properties are surface
tension ( ), tube radius (r) and Young’s contact angle (θ) (Figure 1). In this case, the
capillary force across the fluid-air interface leads to capillary pressure (Pc) given by to
equation 4.

Figure 1: Capillary flow in horizontal tube

………………….. 4

Here, Pnw and Pw are the pressure on the non-wetting and wetting side of the interface
respectively. Capillary pressure across the interface is Pc = Pw-Pnw. µnm and µw fluid
viscosity on non-wetting and wetting side.
This is valid for a very narrow tube and can provide good estimates for capillary flows
such as blood flows in veins and water flows in biological systems [55]. In a vertical
tube, this leads to rise or dip of liquid. In a horizontal tube having low  the wetting
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fluid (in principle) may flow indefinitely. It must be noted that capillary flow velocities in
horizontal tubes are very small, hence modification of hagen - poiseuille equation [63]
(pressure drop in a pipe in laminar flow/or low ϑ) can be sufficient. From Aker [62] flow
rate in horizontal tube with diameter d (or 2r) and length L can be approximated by
equation 5
(

)

5

µeff is effective viscosity which is function of x and L and is defined by the equation 6
below
(

)……………………….. 6

Equation 5 implies that for wetting systems (contact angle <90, and cos>0), capillary
forces add to any externally applied pressure, and increase fluid flow velocity. In other
words, if steady-state flow measurements are made, capillary forces for a wetting system
can reduce effective pressure build-up across the material.
In this research, the concept can be used for qualitative prediction of trends. It is noted
that the hierarchical morphology of solid-water interface on CNT-grafted foams makes it
very difficult to accurately model the net capillary force parallel to the water flow
direction, and provide a meaningful quantitative estimate of the capillary contribution to
total fluid pressure. What can be predicted is that one should add a net “effective
capillary pressure” term (Pce / L) to equation 2, which will be negative for hydrophilic
surfaces and positive for hydrophobic surface.
………………………………. 7

√
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The scope of this research is to investigate how surface modifications and surface
wettability influence the fluid permeability of these complex structures through
experimental ΔP/L Vs

2.4

plots.

Silver nano particle deposition

Silver (Ag) is a noble metal with historic significance dating back as early as 700 BC.
Apart from economic importance, the scientific applications of Ag include catalysis [64],
electronics [65], biology [66]–[69], and environmental cleanup applications [70]. It is
worth mentioning that performance of these devices is greatly influenced by the amount
of effective Ag surface area available for the targeted functionality. In the past few years,
nanoparticles of silver (AgNP) have gained considerable attention owing to their high
surface to volume ratio (specific surface area or SSA). However stand-alone AgNP [71]
can cause handling problems, material loss, and environmental contamination.
Nanoparticles in the environment can enter the human body through multiple routes [5]
and it is observed that long-term accumulation of Ag in the human body can cause health
problems [72], [73].
Hazards of AgNP contamination, both health and environmental, can be greatly reduced
by attaching these particles to larger structures. Earlier reported devices include AgNP
deposited on ceramic foams [74], polyurethane foam [75], filter papers [76], and other
low cost filter materials [77], [78]. The performance of these devices strongly depends on
nanoparticle deposition density, size, morphology, and surface chemistry. However, one
limiting factor in this case would be the specific surface area (SSA) of the support itself.
In this research, AgNP were deposited on high surface area CNT grafted porous solids
there by combining the advantages of both nanomaterial and open cell architecture
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required for liquid purification. Moreover, surface active properties are expected to be
controllable with temperature and voltage, for which a conductive support like carbon is
very useful.
There are several established methods [79] to synthesize AgNP such as thermal
decomposition, laser ablation, ϒ-ray irradiation reduction, microwave irradiation, sono
chemical synthesis, and chemical reduction. However, only a handful of methods are
available for deposition on a prefabricated support. The most suitable method is liquid
based deposition which can be done in two ways; nanoparticles deposition via colloidal
solution [80] or in situ reduction [81] of silver compounds. Possible precursors are silver
nitrate (AgNO3), silver sulfate (Ag2SO4), silver perchlorate (AgClO4), silver chloride
(AgCl), silver bromide (AgBr), silver oxides (Ag2O), and organic compounds such as
[Ag(CN)2]- and [Ag(NH3)2]+ in the presence of suitable reducing and stabilizing agents.
Examples of reducing agents are mono, di, and tri sodium citrate (Turkevich method) and
sodium borohydride (borohydrate method).
Silver nanoparticle deposition from colloidal solutions have been shown to deposit lower
quantities [76] hence in situ method was selected. In this research, we have selected in
situ reduction method using AgNO3 and tri sodium citrate, and dimethyl sulfoxide
(Turkevich method) as the AgNP precursor, reducing agent, and stabilizing agent
respectively. An attractive feature of Turkevich method is that citrate ions can
simultaneously act as a reducing agent as well as stabilizer [79] [82] and has been
successfully used to functionalize standalone CNT for antibacterial applications [71],
[83]. This method was adopted and optimized for the hierarchical substrates in this
study.
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Chapter3: Characterization

The goal of this chapter is to outline some of the important technical specifications of the
characterization tools used in this research. There are number of characterization
techniques used in this research and are summarized below.

3.1

Field emission scanning electron microscope (FESEM)

The structure and morphology of the prepared structures were characterized using a field
emission scanning electron microscope (FESEM). Field emission scanning electron
microscope was extensively used to characterize the surface morphology of all the
structures. The FESEM used in this study was a JSM-7401F and acquired from JEOL
Inc. Unlike regular SEM, field emission cathode (or electron gun) provides narrow beam
at low accelerating voltages. This facility enables acquisition of high resolution images of
the surface and reduces charging effects. The emitted electrons from the field emitter gun
pass through a series of condenser lenses which focuses them into a sharp beam. The
electrons in the beam interact with the atoms at the sample surface and produce a variety
of signals. The signals include low energy or secondary electrons (SE) originating from
inelastic collisions between incident electrons and the sample, high energy electrons or
back scattered electrons (BE) from elastic collisions, characteristic X-rays from transition
(EDS) of excited electrons between orbital, and transmitted electrons. The JSM-7401F
used in this study is equipped with four detectors; secondary electron detector, back
scattered electron detector, transmission electron detector, and X-ray detector. The choice
of detector varied on a case by case basis.
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Secondary electron (SE) & Back scattered imaging (BE)
The samples were imaged as they were without any further sample preparation. Surface
morphology is imaged using the SE mode as they escape from and within the few nano
meters of the surface. Occasionally, the BE detector was also used as the intensity of the
BE electrons are proportional to the atomic number (Z) of the elements presented,
resulting in heavier atoms appearing brighter in the image. Back scattered electrons were
used to detect contrast between different chemical compositions which is useful to
distinguish nanoparticles from the background substrate. It is important to note that, more
often than not the combinations of SE & BE signals mixed at different ratios were
selected for microstructure analysis. The specifics of different modes and ratios were
discussed as they come in results and discussion.
Scanning transmission electron imaging (STEM)
High magnification images were acquired using this mode. This mode of imaging is
based on the capture of transmitted electrons and requires extremely thin samples in the
range of 1-100nm. The samples were prepared by scraping a thin layer from the sample
surface to be analyzed and loaded on the copper grid. However this mode of imaging was
destructive and restricted to a small portion of the sample, and hence selectively chosen
as needed.
Energy dispersive X-ray spectroscopy (EDS)

Surface elemental compositions were characterized using energy dispersive spectroscopy
(EDS). The quantification results obtained were somewhat dependent on beam energy
and used either 7kV or 14kV gun voltage based on the sample type. However EDS is not
surface sensitive and cannot provide the electronic states of the elements presented.
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3.2

X ray Diffraction -Crystal structure (XRD)

Crystallographic orientation of prepared materials was studied using a table top X-ray
mini diffractometer, MD-10, using a monochromotized Cu Kα radiation at 25 kV and
0.4mA. The Cu Kα radiation with a wavelength of 1.54Ao was used as an X-ray source.
The angular range of 2θ measurement is 16-120° with peak resolution of 1° and peak
positioning accuracy of ± 0.02°. X-rays impinges on the sample spinning at 60rpm and
the resultant diffracted x-rays from the sample surfaces undergo either constructive or
destructive interference. The waves undergoing constructive interference at specific
angles were plotted on the x-axis and intensities on the y-axis to obtain the diffraction
pattern. The x-ray diffraction patterns were compared with the database as well as
literature to identify the predominant basal planes and crystal structure.

3.3

X-ray photoelectron spectroscopy-Surface chemistry (XPS)

Surface chemistry of processed materials was studied using an X-ray photoelectron
spectroscopy (XPS) system from Kratos (Axis Ultra) source. X-ray photoelectron
spectroscopy is a surface sensitive technique and limited to surface and near surface
analysis (≤10 nm) due to the exponential decay of intensity of the ejected photo electrons
with the probing depth. As the mean free path of the photo electrons approached three
times the wave length of the x-ray’s, the photo electrons completely reabsorbed or
undergo inelastic scattering in the material itself.
In this analysis, mono-chromatized Al Kα (1486.6 eV) was used as the X-ray source. The
spatial resolution and detection limits are 5 µm and 1ppth respectively could be achieved
using this machines. The operating base pressure was always maintained below 4x10-9
torr. The photoelectrons were irradiated from spot size of 110×110 µm for a given
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detection time and energy (12 kV×10 mA) was stored digitally. During the data
collection, automatic charge neutralizer was turned on for all sample types. The emitted
photoelectrons were collected by a hemispherical analyzer positioned at an angle of 35°
to the sample surface and kinetic energy (

) was measured. According to the

photoelectric effect, electron binding energy (

) can be measured by subtracting

from X-ray photon energy (

) Initially, low resolution survey scans (or general scans)

were collected at a binding energy of 1-1000 eV, with a resolution of 1 eV. This was
followed by high resolution fine scans collected with a resolution of 0.1 eV between
binding energy (BE) ranges corresponding to the elements observed in survey scans.
Various low resolution survey and high resolution fine scans were collected from
multiple regions of the surface for detailed quantification purposes. All photoelectron
spectra were obtained using ESCA25 Capture software and analyzed using Casa XPS
software (Casa Software Ltd, V2.3.15).

3.4

Contact angle measurements

Wettability is the term used to describe the spreading of a liquid on the surface and
quantitatively measured as CA. Contact angle is defined geometrically as the angle
formed by a liquid-solid interface and liquid-vapor interface and can be measured by
applying a tangent line from the contact point along the liquid-vapor interface in the
droplet profile. Static CA is measured by sessile drop method using goniometer at room
temperature and pressure.
A simplified in-house built goniometer, very similar to the one built by GuillaumeLamour et. al., [84], was used for measuring CA. The schematic representation of the inhouse made goniometer setup is shown in figure 2. In this set up, the camera equipped
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with magnifying lens was mounted on a tripod while the sample is placed on a fixed
sample stage. The samples were air brushed to remove dust particles and 5 µl of
deionized water was taken on micropipette and placed gently on the sample surface. A
cardboard box with double window, each on either side of the sample, was placed over
the sample. One window was covered with diffuser paper to reduce the light intensity (in
brightly illuminated room) and generate a homogeneous background behind the drop to
appear black, which was necessary for measurement precision for image processing. The
liquid drop should not reflect any stray light that could spoil the measurement. Finally,
camera height and distance between the camera and sample was adjusted to precisely
determine position of the triple line, the intersection of solid-liquid-air interfaces.
For post processing and CA measurement, pictures were loaded in solid works. No image
treatment, such as contrast enhancing, was done to further process images to determine
contact angles. To measure the CA, a baseline was manually selected by choosing two
points (intersecting points of drop profile meeting the flat surface) to define the baseline
and two points on the curve, one on each side of the central axis. Due to asymmetric
profile of the drop, two separate curves were fitted on either side of the drop profile.
Tangents to the profiles were drawn from the meeting point of the profile to the base line
and CA was calculated by measuring the angle between tangent and baseline. Schematic
representation of Young’s CA measurement procedure is shown in figure 3. To improve
the level of precision, minimum of five measurements with multiple drops were obtained
using this method and averages along with standard deviations were reported.
Measurement set up was calibrated by measuring CA on freshly cleaved graphite (See
Figure A1 in appendix) before using it for this dissertation.
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3.5

Fluid permeability and surface area characterization

Fluid permeability, SSA, and porosity are associated terms for any porous materials.
Fluid permeability characteristics and its variation with SSA and porosity is studied using
pressure drop vs. fluid (ΔP/L vs. υ) plots. Assuming the fluid flow through porous
materials is incompressible; ΔP/L vs. υ plots can be developed as follows. The
experimental procedure is explained with the schematic in figure 4. The fluid used in this
experiment is tap water at room temperature.
The system consist of porous material fitted inside an acrylic casing (Figure 5) with a
diameter of 11.5mm (cross sectional area (A) 1.046*10-4 m2). Water in a storage
container was fed into the porous material using pump drive. The storage container pump drive - filtration system - collecting tank all were connected in series via 1/8inch
latex tubing. In this experiment, water volumetric flow rate (Q, ml/min) was controlled
by master flex L/S (model 7518-10)] controller. A manometer was connected at the fluid
entry side while leaving the exit end open to the atmosphere. At set volumetric flow rate,
height difference (∆h) in manometer “U” column was measured and the pressure drop
(∆P= ρ×g×∆h) was calculated for the fluid used. Here ρ is the fluid density (1000kg/m3)
and g is the gravitational constant (9.8m/sec2). Fluid volumetric flow rate was varied for
specified intervals and pressure drop over the porous medium length (∆P/L) was
measured at each flow rate. The superficial fluid velocity (υ=Q/A ) or fluid flux (ɋ=Q/A)
is taken on X-axis and ∆P /L is taken on Y-axis and a ΔP/L vs. υ were drawn.
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Figure 2: Schematic representation of in-house built goniometer

Figure 3: Liquid drop on solid surface-Young’s model
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Figure 4: Schematic representation of flow through porous material experiment

Figure 5: Acrylic casing for housing the porous medium
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Chapter 4: Fabrication, characterization, and selection of
hierarchical porous structures
4.1

Introduction

For a large number of modern applications, there is an ever growing demand for
materials with high surface area [1] and multifunctional materials. Porous materials offer
significantly higher SSA compared to their solid counterparts. On the other hand as seen
from the table 1, every other physical property of porous carbon structures decreases with
increasing porosity compared to their solid counterparts. Carbon foam’s structural,
physical, and chemical properties can be controlled during the fabrication process by
processing parameters to meet the specific requirements for the targeted applications with
associated advantages and disadvantages. Carbon Nanotube grafting on solid surfaces
was seen as an alternative approach [28] to increase SSA without compromising
structural integrity. Considering the steps involved in growing CNT across porous
structure, fluid permeability and momentum transfer with minimal pressure loss play key
roles in fabrication of hierarchical porous structures. Therefore, the key in successful
fabrication of these materials is the selection of high surface area and high permeability
supports suitable for uniform through thickness CNT grafting. This chapter discusses the
various support structures in light of the aforementioned characteristics via mathematical
models and fluid flow characteristics to select suitable support structures. The selected
support was grafted with through thickness CNT via CVD deposition and is explained in
detail. Surface microstructure studies and chemical composition studies were done using
FESEM and EDS respectively.
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4.2

Materials and methods

4.2.1 Materials
In this study, two kinds of carbon based porous structures; Cellular carbon foam,
reticulated vitreous carbon foam were selected for possibility of CNT grafting to create
hierarchical porous structures. The SSA of the selected structures and their variation with
structural parameters such as open porosity and pore and/or cell sizes were studied using
the suitable geometrical models.
Fluid permeability of porous solids: Permeability characteristics were studied using
ΔP/L vs. υ characteristics graphs developed using the method explained section 3.5 and
equation 7.
4.2.2 Chemical vapor deposition for CNT grafting
In the current research, floating catalyst CVD method was used for CNT grafting. Carbon
nanotube grafting involves “mainly” two steps; deposition of silicon oxide (SiOx) buffer
layer and deposition of CNT.
Silica (SiOx) deposition using micro plasma reactor


The former process is done via room temperature M-PECVD reactor using the
precursor chemicals hexamethyldisiloxane [HMDSO, (CH3)6Si2O; sigma Aldrich,
99.5%] in-conjunction with 99.9% pure oxygen.



Initially, oxygen gas alone was fed into the plasma chamber at a rate of 48 ml/min
operating at 48 Pa chamber pressure and microwave power of 225 watts. This
process was carried out for 180 seconds and activates the surface for the follow up
step.
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In the follow up step, both the O2 gas and HMDSO vapor were simultaneously
fed into the chamber (under pressure 50-70 Pa) at a rate of 50 ml/min for 300
seconds.



The SiOx molecules in the plasma vapor polymerize and form silica layer on the
substrate. According to the growth characterization studies [27], silica layer grows
at a rate of 4 nm/min and thickness/times were optimized for the substrate.



Silica deposition step was terminated and stabilized using O2 gas fed into the
chamber for 60 seconds at a flow rate of 50 ml/min.



Figure 6 shows the schematic representation of M-PECVD reactor used for silica
coating process.

Floating catalyst CVD deposition of CNT


The precursor chemicals used in this process were xylene (C6H4C2H6) and
ferrocene [C10H10Fe; Alfa Aesar, 99%] as a carbon and catalyst source
respectively. 99% pure Hydrogen gas (H2) and 99.5% pure argon gas (Ar) was
used as a reducing and/or carrier gas and inert gas respectively.



Initially, silica coated support structure was placed in the quartz tube in CVD
reactor as shown in figure 7. Argon gas was fed into the quartz tube in the CVD
reactor at a rate of 1200 cc/min and was pre-heated to 700° C. Argon was required
to keep the carbon from oxidizing.



H2 gas (at a rate of 240cc/min) was allowed to flow for 5mins prior to injecting
the precursor chemical vapor.
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Mixture of ferrocene/xylene vapor was ejected from the micro-tube (at 220° C
which is well above the xylene boiling point of 138.4° C) and sprayed into the
quartz tube for specified time.



CNT growth parameters were optimized for through thickness growth for
structure to structure basis and summarized in table 2. Figure 7 shows the
schematic representation of the CVD reactor used for CNT grafting process.

HOPG

Cellular foam

RVC foam

Silica coating (nm)

80

40/80*

40/80*

Ferrocene/xylene (g/ml)

0.10/10

0.10/10

0.10/10

Ar flow rate (cc/min)

1200

1200

1200

H2 flow rate (cc/min)

200-240

200-240

200-240

Ferrocne/xylene flow rate (ml/hr)

12.5

12.5

12.5

Injection temperature (° C)

210-220

210-220

210-220

Growth temperature (° C)

700

700

700

CNT growth time (minutes)

20

30

30

Table 2: Important parameters for growing CNT on the selected carbon structures

Note: *10/20 stands for silica buffer layer thickness “40nm” on the side facing the
ferrocene/xylene vapor and “80nm” on the opposite side
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Figure 6: Schematic representation of SiOx deposition via microwave plasma reactor

Figure 7: Schematic representation of CNT grafting via thermal CVD process
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4.3

Results and discussion

4.3.1 Selecting suitable support for CNT grafting
According to the simple mathematical model developed by Mukhopadhyay et. al., [28],
SSA of CNT grafted porous structures depend on the support surface area (S), fractional
coverage (f), and

CNT structural parameters such as length (ln) and size (rn). For

discussion purpose the equation used to estimate the SSA of hierarchical solids was
rewritten here in equation 8.

(

……………………………… 8

)

According to the above equation 8, SSA of hierarchical surfaces (ΔS) increases as a factor
of support SSA (S). Therefore selecting high surface area support is the initial step in the
fabrication of hierarchical porous structures. Basic mechanism of CVD deposition is
through conversion of vapor/gaseous precursors into desired solids which depends a lot
on the momentum transfer between precursor fluid and the solid substrate. Feasibility of
uniform through thickness CNT grafting on a three dimensional porous support depends
on the precursor vapor permeability and tortuosity characteristics which define the
reaction kinetics and thermodynamics. Considering the SSA of support and fluid flow
characteristics, successful fabrication of hierarchical porous structures depends very
much on porous support geometrical factors such porosity, pore size, and importantly
pore architecture. In light of these, selected porous structures were studied for SSA and
permeability suitable for CNT grafting.
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Specific surface area of cellular foam
The microstructures of cellular foam contain interconnected spherical voids with average
of 7-8 windows per pore (Figure 8A). Cellular foams are fabricated from thermoplastic
meso-phase pitch [10] which allows for a high degree of graphitization along the cell
walls and ligaments which can be seen in microstructure (Figure 8B).
Among many models available, cellular foam can be best modeled as interconnecting
hollow spheres with representative volume cell similar to body centered atomic
arrangement [85]. Figure 9 was reprinted from Mukhopadhyay et. al., [28] for discussion
purposes. From figure 8, for given ε and Rp, bulk SSA (Sv-bulk) can be measured. From the
table 1, ε and Rp of the current cellular foam is 0.78 and 250µm respectively. However
these parameters were slightly modified to 0.8 and 300µm after in-house measurements
and cross checks. From the SSA figure 8, for ε = 0.8 and Rp = 300 µm, the measured Svbulk

is 6.2×103 m2 m-3.

Specific surface area of the reticulated vitreous carbon foam
Microstructures of 40 PPI and 80 PPI reticulated foams were shown in figure 10A & 10B
respectively. Unlike cellular foam, solid struts in reticulated foam were made of
amorphous carbon as seen from the flow like smooth strut surface (Figure 10C). As a
result, microstructural architecture of reticulated foam was significantly different from
the cellular foam as seen in the figure 8A and 8B. It can also be seen from table 1 that all
the bulk physical properties are significantly lower compared to cellular foam due to the
higher porosity and relatively lower degree of graphitization. The earlier interconnected
spherical pores model cannot be extended to model reticulated foams due to these
microstructure differences and the porosity restrictions.
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A

B

Figure 8: Microstructure of cellular foam (A), graphitic planes aligned along the cell walls (B)

Figure 9: Sv-solid plot for cellular foam based on inconnecting spherical sphere model

(Note: Reprinted from “Sharmila M Mukhopadhyay, Anil Karumuri and Ian T Barney,
“Hierarchical nanostructures by nanotube grafting on porous cellular surfaces”, J.
Phys. D: Appl. Phys. 42 (2009) 195503)
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It must be emphasized that the interconnected sphere model has a maximum allowable
porosity of 94% which is below the observed 97% porosity of reticulated foams.
From the earlier studies [60], [61], reticulated foams were best modeled as mutually
connected “tetrakaidecahedran” spreading in all directions to generate a three
dimensional solid. A computer generated tetrakaidecahedran unit cell as well as bulk
reticulated foam structure were shown in figure 11. A unit cell of the tetrakaidecahedran
consists of 14 faces (8 hexagons and 6 squares) with a window on each face bordered by
struts. Gibson and Ashby et. al., [9] have developed important relationships between
various structural parameters and tetrakaidecahedran structure with triangular struts.
Later these relationships were modified [86] for cylindrical and concave triangular struts.
In the selected reticulated foam, it was observed that the struts were shaped as concave
triangles and important structure-property relationships were summarized in table 3.
The specific surface area of reticulated foam with “concave struts” was given by equation
9
(

)

(

[

)

]

……………………………………… 9

By equating the volume of the representative cell volume (Vc) to the equivalent volume
of hallow sphere with Dp diameter.
……………………………10
Substituting the equation 10 into equation 9, Sv-bulk
(

)

(

[
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)

]

…………………………. 11

B

A

C

Figure 10: Microstructure of 80 PPI (A) and 40 PPI (B), and feature less surface of amorphous strut (C)
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Property

Symbol

Formula
Calculated from image analysis

Size of the window
Article I.

dw

Article II.

ɛ

Solid porosity

ls

Hexagonal side

(
Effective strut thickness

ts

Cell volume

Vc

Cell/pore size

Dp

surface area of struts

Ss

Specific surface area of bulk

Sv

(

)
)

2.78ls

Table 3: Important structural relations for tetrakaidecahedran cell (Ref [9]: Gibson and Ashby, "Cellular solids:
Structure and Properties", second edition)

Figure 11: Model of tetrakaidecahedran cell

(Note: Reprinted with permission from the authors [87] of “The effective thermal
conductivity of three-dimensional reticulated foam materials”, J Porous Mater (2009)
16:65–71)
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Using equation 11, two kinds of bulk SSA were plotted; Constant ε (Figure 12) and
constant

plots (Figure 13). From figure 12, it can be seen that, Sv-bulk increases with

decreasing pore sizes and more so as pore sizes decreases below 100µm. In addition, at a
constant Dp, SSA variation with varying porosities is shown in figure 13. Unlike constant
ε plots, there is no correlation between Sv-bulk and ε. Specific surface area increases with
increasing porosities up to 73% and decreases thereafter.
For the selected RVC foam, porosity remained constant (ε = 0.97) and main characteristic
between different selected reticulated foams was number of pores packed per length or
pores per inch (PPI). The pore sizes for the selected reticulated foams were 317.5 µm
and 635 µm for 80 PPI and 40 PPI respectively. From the plot, for

= 0.97, Sv-bulk for Dp

= 317.5 µm and 635 µm were 4.6×103 m2/m3 and 3×103 m2/m3 respectively.
It is clear from the above observations that the 40 PPI has lower Sv-bulk compared to 80
PPI. Moreover, 80 PPI foam offers relatively higher mechanical strength by virtue of its
higher solid content and, hence was selected for further selection process.
As mentioned above, Sv-bulk can be drastically increased with pore sizes of less than 100
µm. Combination of optimum ε and smaller pore sizes offer certain advantages such as
higher Sv-bulk and mechanical strengths, On the other hand fluid passage through this
architecture is difficult without consuming considerable energy. This has a negative
effect on the feasibility of CNT grafting and its applicability in fluid filtration/purification
devices.
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Figure 12: Sv-solid plots for reticulated foams at constant porosity

Figure 13: Sv-solid plots for reticulated foam at constant pore diameter
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4.3.2 Influence of porosity and surface area on fluid permeability
Materials synthesized in chemical reactors are often characterized by interactions
between chemical reactions in usually more than one phase, e.g. gas phase and solid
phase, mass transport by convection, and diffusion [88]. The substrate’s geometrical and
physical properties such as SSA and porosity play a crucial role in determining these
interactions. It must be reminded that steps involved in CNT growth are gas and vapor
phase precursors passing through the target substrates and transfer of their ingredients
into final solid deposits on the substrates. Fluid permeability, turbulence, and tortuosity
play an important role on the outcome of the deposited materials. For example, under
similar substrate chemistry yield of CNT on a flat surface is greater than the yield on a
porous substrate. Fluid flow characteristic graphs (Δp/L vs. υ) were measured using the
process explained in section 3.5.
Over three samples for cellular and reticulated foams were considered, the average ΔP/L
for given υ is plotted and shown in figure 14. The ΔP/L in the plot indicates that the gross
energy required maintaining the given fluid flux. It can be seen that, ΔP/L increases with
increasing υ due to the Newtonian fluidity of the test fluid and increasing shear forces at
higher velocities. Some of the governing parameters that can directly influence the ΔP/L
are geometrical features of the porous media such as porosity (ε), micro-scale level SSA
(S), fluid viscosity (µ), density (ρ), and surface wettability (θ), and capillaries (Equation
3). In this current experiment, the varying parameters between cellular and reticulated
foam are ε and Sv-solid.
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Figure 14: ΔP/L Vs υ plots for cellular and reticulated foams

Cellular foam

80 PPI reticulated foam

Porosity (%)

78

97

Compression strength (MPa)

1.7

0.763

Porosity (%)

80

97

Opening/window size (µm)

200

173

Sv-bulk (m2/m3)

6.3×103

4.6×103

Sv-solid (m2/m3) [Sv-bulk/(1-ε)]

3.2×104

1.5×105

Table 4: Important physical properties of cellular and 80 PPI reticulated foams

45

According to fluid flow models for porous materials [56], [57], [60], ΔP/L is inversely
proportional to ε while Sv-solid is directly proportional to ΔP/L. Table 4 summarizes the
relevant structural parameters of the porous foams that can directly influence the ΔP/L.
Considering (plugging them in equation 3) ε and Sv-solid for both the cellular and
reticulated foams (table 4), higher ΔP/L for cellular foam is not surprising. The ΔP/L Vs
ɋ plots are fitted with quadratic polynomial as seen in figure 14. The linear coefficient in
the polynomial fit indicates the viscous forces and materials permeability while the
nonlinear fit includes the surface drag, inertial coefficient and tortuosity. It is clear from
the linear fit coefficient that the cellular foam has a lower permeability by virtue of
predominately lower ε.
A drastic increase in magnitude of the nonlinear coefficient indicates higher inertia and
tortuosity. Tortuosity is defined as the ratio of the length of the actual path taken by the
fluid over the shortest distance between the points. Higher inertia/tortuosity coefficient in
cellular foam is due to the sphere shaped voids and fewer openings (8 per pore) compared
to reticulated foams (14 per pore). In the case of cellular foam, uniform CNT growth was
restricted to maximum thickness of 2 mm only, hence decided to select reticulated foam
as the final substrate for CNT growth. It can be concluded from the above results that the
reticulated foam was most suited for uniform CNT growth across the considerable length
scales and subsequent applications for liquid purification devices.
4.3.3 Fabrication of CNT grafted reticulated foams
Hierarchical porous structures were fabricated by grafting CNT onto the reticulated foam
struts. However, success of this method depends on uniform CNT grafting across the
selected porous structure. Carbon nanotubes were grown on reticulated foam using the
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CVD process explained in section 4.2.2. Nanotube growth parameters are optimized to
obtain through thickness uniform growth and optimized CNT growth parameters are
shown in table 2. Carbon nanotubes grafted on reticulated foams (RVC-CNT) with
maximum thickness of 5 mm were successfully fabricated. Cross sectional
microstructures of CNT grafted struts/surfaces across the thickness have been analyzed
[H. Vijwani, PhD dissertation, Wright State University] [89] and shown in figure 15.
Pulikollu et. al., [27] has observed a strong correlation between silica layer thickness and
depth from the surface. Ian Barney in his PhD dissertation [90] has observed a strong
correlation between silica layer thickness and CNT yield. Comparatively speaking,
reticulated foams allow uniform SiOx deposition across the thickness which enables
uniform CNT growth. However, CNT growth density as well as carpet length is
significantly higher on the outermost surfaces compared to inner struts as seen from the
microstructures in figure 15A-F. The length of the carpets decreases away either side of
the surfaces and reach minimum at the center. This type of data can be used to estimate
total length of the CNT over the 5mm thick sample [H. Vijwani and S. M.
Mukhopadhyay, “Fabrication and Characterization of Vertically Aligned Carbon
Nanotubes on Porous Carbon Structures using Thermal CVD”, In preparation].
As shown earlier, SSA of CNT grafted solids is governed by the substrate surface area
(S), CNT coverage density (f), radius of the CNT (rn), and length of the CNT (ln).
According to conservative measurements from microstructures (7 nm in size, 20 µm in
length, and covered 10%) and growth kinetics studies, it is estimated that CNT grafting
would increase the SSA by two to three orders magnitude.

47

B

A

B
D

C

Figure 15: Microstructures of typical CNT grafted foam struts; CNT carpet length variations along the cross section;
front/0mm (A), 2mm (B), 4mm (C), back/5mm (D)

[Ref: H. Vijwani, PhD dissertation, Wright State University]
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These estimations were proved correct by and Brunauer-Emmett-Teller (BET) surface
area measurements [91] on CNT grafted porous solids. It must be emphasized here that
these studies were conducted on CNT grafted cellular foams via significantly less
efficient CVD furnace. For the current research, MTI (OTF-1200X-80-III) quartz furnace
was used and observed to grow CNT more abundantly.
In the current research on CNT grafted reticulated foams, SSA is expected to be even
higher than the previous estimates due to improved CNT distribution throughout the
deeper pores. Carbon nanotube growth density and carpet length can be controlled by
CNT growth time for specific applications. The high surface area solids have shown lot
of promise as core structures to prevent interfacial delamination for durable composites
[32]. These structures are useful in core structures for sandwich composite panels [92],
thermal management composites, and phase change materials [13]. These structures also
showed significant promise in biological applications to improve cell growth [93] and
dye degradation in water systems. These structures can be further functionalized with
metal (M) and metal oxide (MO) nanoparticles such as Ag, palladium (Pd), iron (Fe),
titanium oxide (TiO2), and gold (Ag). The enormous improvement in surface area can be
used to host functional nanoparticles while the underlying support structure provides the
necessary structural integrity and strength. The palladium nanoparticles (PdNP) deposited
on these structures already proved to be effective devices compared to PdNP deposited
directly on solids without CNT grafting [14], [94].
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Chapter 5: Silica coatings on hierarchical structures for
wettability improvement
5.1

Introduction

Mathematically speaking, CNT and related devices have many “promising” applications
due to their unique physical and chemical properties. Controlling those properties at the
nano-scale level is essential in the development of CNT based architecture.
Advancements in CNT fabrication methods as well as understanding the growth kinetics
and thermodynamics have allowed improved control over CNT growth. However, precise
control of the physical and chemical properties is still a challenge. A viable other
alternative is a post-synthesis chemical functionalization of CNT targeted for
functionalities such as dispersability improvements in solvents and functional
nanomaterial deposition [8].
Surface energy and chemistry of the CNT grafted surface can be controlled by covalent
functionalization by oxidative purification via liquid-phase or gas-phase oxidation.
However, oxidative methods cause significant structural damage to CNT and
compromise CNT carpet integrity. Moreover, surface absorbed species do not impart
permanent wettability [47] and can easily undergo desorption with heat treatment under
reducing environments. In some cases, desorption seems to occur even in the dark and
vacuum [95] which makes it hard to obtain permanent wettability required for certain
applications such as contaminated water purification.
The alternative approach is to coat the CNT with thin films of high energy materials.
However many of the thin film coating methods involve high energy plasmas and
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temperatures and cannot be used for sensitive CNT grafted substrates. In this research, a
simple solution based sol-gel method was used to deposit silica films from silicate
precursors onto CNT. Details of the complete silica synthesis process are explained in the
experimental section below.
Microstructures and chemical compositions of CNT grafted surfaces and their variations
various surface modifications were studied using electron microscopy techniques.
Detailed surface chemistry studies were done using XPS. Surface wettability was
measured using static contact angle measurements via sessile drop test method.

5.2

Experimental details

5.2.1 Materials
Highly oriented pyrolytic graphite (HOPG) [HOPG ZYH grade provided by Molecular
Imaging] was used as a model support structure for CNT grafting in this study. The
HOPG is a standard flat carbon substrate suitable for in-depth microstructure and surface
chemical characterization. Carbon nanotubes were grafted on HOPG using the optimized
processing parameters explained in table 2. The CNT grafted HOPG (CNT-HOPG) was
used as support for all surface modifications studied in this chapter.
5.2.2 Silica coating on CNT grafted surface
Silica coatings via acid catalyzed sol gel method
Silica coating on CNT grafted carbon structure involves multiple steps; acid catalyzed
silica gel preparation and silica thin film coating on CNT-carbon via dip coating method.


Tetraethyl orthosilicate (TEOS) was used as the precursor for silicon dioxide due
to its easy conversion in water (hydrolysis) at STP conditions.
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Tetraethyl orthosilicate [TEOS; Si(OCH2CH3)4, Si-OEt (Alfaa aesar; 98%)] was
mixed with distilled water (H2O) for hydrolysis and absolute ethyl alcohol (EtOH)
as the common solvent for hydrolysis of TEOS.



A mixture of TEOS/H2O/EtOH was added in the volumetric ratios of x: 1: 1 and
stirred vigorously for 1hr. Here x is a volume variable of TEOS and used for silica
solution optimization.



Few drops of (1-10 µl) of 12.5M hydrochloric acid (HCl) as the acid catalyst for
hydrolysis and condensation reactions were added to adjust the pH to 3.



The solution was further mixed for a 1h until the solution becomes colorless and
clear.



CNT-carbon structures were soaked in the prepared silica precursor solution for
1h and followed by air drying for 12 hr. Further drying was carried out on hot
plate for 12 hr at 100 °C.



Finally the samples were annealed at 500 °C at a rate of 2 °C/min in Ar
atmosphere and kept there for 2 hr before subsequently being cooled down to
room temperature at a rate of 2 °C/min.



The Ar atmosphere was needed to preserve CNT from oxidation.

Background of acid catalyzed silica gel formation [96]
During the sol-gel process, Si-O-Si bonds are formed in multiple regions and form
colloidal silica particles in the solution. With time the colloidal particles and condensed
silica species link to form a 3- dimensional network. As the reaction reaches the gel
point, viscosity increases and forms a stiff solid. The type of solids formed from the solgel process depends on the drying/solvent removal process conditions employed after the
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initial gel formation. Xerogels are solid formed from a gel by drying with unhindered
shrinkage. Xerogels usually retain high porosity (15–50% with pore size 1-10 nm), and
enormous surface area (150–900 m2/g). If solvent removal occurs under supercritical
conditions, the network does not shrink and a highly porous, low-density aerogel is
produced. High temperature annealing effectively transforms the porous gel into a solid.
Sol gel polymerization of TEOS in EtOH and H2O involves two steps; Hydrolysis
(Equation 12) and Condensation (Equation 13&14). Addition of HCl acts as catalyst and
promotes hydrolysis and condensation of TEOS.


In hydrolysis reaction, TEOS undergoes hydrolysis when mixed with EtOH and
H2O and produce silanol (Si-OH) groups.
Si(OCH2CH3)4 + xH2O –––––> Si(OCH2CH3)3OH4-x + xCH3CH2OH………. 12



Hydrolysis of the silanols continues further either by condensation reactions of
two silanols or a silanol plus an alkoxideresulting in bridging oxygen that links
two silicon atoms together.



Two possible condensation reactions produce H2O (Equation 13) and EtOH
(Equation 14) respectively.

Si(OCH2CH3)4OH4-x + Si(OCH2CH3)4OH4-x –––> (CH3 CH2O)4-xSi–O–Si(OCH2CH3)4-x+ H2O……. 13
Si(OCH2CH3)3OH4-x + Si(OCH2CH3)4 –––> (CH3 CH2O)4-xSi–O–Si(OCH2CH3)4-x+CH3CH2OH……14



Both the hydrolysis and condensation reactions continue to add silicon atoms and
grow the polymer chain.



In solution, these reactions begin simultaneously at many different locations
leading to the formation of numerous growing silicon oxide/alkoxide particles (OSi-O colloid).
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Over time, the particles continue to grow until they finally link in threedimensions forming a rigid gel network that encompasses pores of trapped fluid.

Surface attachment of hydrophilic groups via O2 plasma
Influence of O2 absorption on surface wettability was studied by intentionally introducing
pure oxygen on CNT grafted surfaces.


In this experiment 99.9% pure O2 was used as a precursor gas at a volumetric
flow rate of 48 ml/min.



O2 gas was fed into the vacuum chamber operating between 50-60 Pa and ionized
using microwaves operating at 115 W



CNT-HOPG surfaces were etched for 10 seconds.



10 seconds etching is enough to give strong oxygen signal for follow up XPS
analysis.

5.3

Results and Discussion

5.3.1 Silica coating on CNT-Process optimization
Silica coated CNT-HOPG (silica-CNT-HOPG) microstructures were optimized to
varying ratios of TEOS/H2O/EtOH solution as explained in experimental section 5.2.2.
According to equation 12, minimum of four moles of H2O is required for complete
hydrolysis of one mole of TEOS. Three different volumetric ratios of silica solutions
1:8:8, 1:30:30, and 1:50:50 were tried. Microstructures of silica coated CNT-carbon
surfaces were shown in figure 16. From the figure 16A, it can be seen that concentrated
TEOS solution (1:8:8) resulted in CNT embedded in silica matrix, resulting in silica-CNT
composite microstructures.
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Figure 16: Silica coating optimization on CNT; TEOS: H2O : EtOH are 1:8:8 (A), 1:30:30 (B), and 1:50:50 (C)
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Sol-gel method is known to synthesize thick layers as opposed to thin layers, hence the
composite microstructures were not unexpected. However, as the concentration of TEOS
decreases in solvent (Figure 16A-16C), silica thickness was decreased to the length scales
equivalent to the sizes of the CNT. Finally, almost all CNT were retained from the silica
matrix (Figure 16C) at 1:50:50, hence selected as a final recipe.
Scanning transmission electron microscopy analysis
For this analysis, a layer of silica coated CNT/graphite was peeled off and loaded on
copper grids for STEM mode microstructures. Transmission mode microstructures of asreceived and silica coated CNT are shown in figure 17A & 17B respectively. From
STEM images of as grown CNT, it can be clearly seen thin wall of CNT and hollow
space. In case of silica-CNT, electronically transparent/texture less layer was seen on the
thin walls. The texture less layer on CNT (Figure 17B) is silica as silica films derived via
this method is expected to be amorphous without any long range order [51] [52].
The thickness of this texture less regions varied greatly from few tens of nanometers to
“no or unobservable” length scales. Earlier reports [52] suggested use of surfactants with
vigorous ultrasonication promote CNT dispersion in the silica gel. In case of attached
CNT, it was observed that [54] the CNT attached on graphitic core seen to fail under
ultrasonic conditions, hence no ultrasonication treatments were done. However, the
current process can be improved by addition of surfactants in the future to prepare more
uniform silica layers. From this analysis, it can be concluded that amorphous silica films
were grown on CNT.
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Figure 17: STEM pictures of as grown CNT (A) and silica coated CNT (B)
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5.3.2 Surface compositional analysis
Figures 18A and 18B show the secondary backscattering microstructures of CNT-HOPG
before and after silica coating respectively. It was observed that silica-CNT was started to
electrically charged up during the microstructure collection, which is a feature associated
with any electrically insulating material. The surface charge build up in this case can be
easily associated with the electrically insulating silicon oxide coating. Energy dispersive
spectroscopy analysis was also done on multiple locations on the corresponding samples
and averaged quantifications results are shown in table 5. Energy dispersive spectrum
collected at 7kV accelerating voltage showed that there is significantly more silica and
oxygen atomic percentages on silica coated CNT-HOPG surfaces compared to CNT
without silica coatings. It must be noted that the control sample also contains a silicon
peak which related to silica buffer layer (SiOx) deposited on HOPG prior to CNT
grafting.
5.3.3 X ray diffraction analysis
For this analysis, silica films were grown on CNT-Carbon using the 1:2:2 silica solution
to maximize the silica composition on CNT-carbon surface. The diffraction pattern of
both base line CNT-carbon [94] and silica grown on CNT-carbon were collected and
shown in figure 19A and 19B respectively. The diffraction peaks for the carbon foam is
at 260, 410, 430, and 550 corresponds to (002), (100), (101), and (004) respectively.
The diffraction pattern for carbon, CNT [97], and CNT-carbon [94] are observed to be
same and matches well with current data. It is clearly seen that the diffraction patterns of
silica coated CNT-carbon (figure 19B) is exactly identical to base line CNT-carbon [94].
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Figure 18: Secondary backscatter microstructures of as grown CNT-HOPG (A) and silica coated CNT-HOPG (B)

EDS quantification @ 7kV (At% )
CK
OK
SiK
FeK

CNT-HOPG
89.5±0.5
5.6±0.3
3.6±0.1
1.3±0.1

Silica-CNT-HOPG
77.9±0.6
13±0.3
7.7±0.3
1.4±0.1

Table 5: Energy dispersive X-ray spectroscopy before and after silica coated CNT-HOPG
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Figure 19: XRD pattern of as-grown CNT-carbon (A), and silica coated CNT-carbon (B)
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The absence of any diffraction peaks from the presence of silica indicates that the formed
silica is 100% amorphous. This result is in agreement with the previous studies [49]
related to silica films prepared on carbon via sol gel method.
Silica films/solids (or xerogels) formed from sol-gel method is known to produce nanoporous amorphous silica with porosity up to 15-20%. Moreover, diffraction results also
complements the TEM image (Figure 2 in appendix) which shows no fringe lines, hence
we can conclude that the silica films are amorphous.
5.3.4 Surface chemistry of silica coated CNT
For this analysis, silica coated CNT-HOPG sample (used in our analysis) with optimized
silica recipe (1:50:50) was used. The XPS survey scans were collected on baseline CNTHOPG and silica-CNT-HOPG for elemental identification and semi quantitative studies
for surface compositional analysis. Figure 20 shows the survey scans of CNT-HOPG and
silica-CNT-HOPG and region based semi quantification studies are shown in the inset
(figure 20).
Silica coatings from sol-gel method leave no detectable impurities as seen from the
absence of any foreign atoms other than C, O, and Si. Fine scans of C 1s, O 1s, and Si 2p
were collected for detailed surface chemistry analysis. The oxygen content is minimal for
freshly prepared CNT-HOPG, which is expected due to its growth at 700 °C under Ar and
H2 atmosphere, which acts as a reducing agent for any physisorbed oxygen. The oxygen
content increases with silica coating as expected and will be analyzed in details with the
fine scans.
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Figure 20: Survey scans and region based quantification studies on CNT-HOPG (A), and silica coated CNT-HOPG (B)
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Fine scan of C1s
Fine scans of C 1s were shown in figure 21 and deconvoluted with one asymmetric peak
[98] (DS(0.055,0)SGL(20)) centered at 284.6 eV and symmetric peak at 291±0.5 eV. In
this analysis, no charge correction was applied as main asymmetric peak is observed to
be at 284.6 eV, a well-accepted value for sp2 type carbon. It must be noted that
deconvolution of C 1s peak in oxygen exposed graphite has been attempted with multiple
symmetric peaks as reported by earlier investigators [99] [100]. The symmetric peak
composed of C=C sp2 type carbon, sp3(C-C) diamond like carbon, and many peaks
between BE 286.5 – 289 eV which are attributed to carbon-oxygen bonds of different
molecular groups. The higher BE of carbon-oxygen bonds are due to the higher
electronegativity of oxygen atoms that may induce positive charge on the carbon atoms.
These peaks correspond to C-O/OH (hydroxyl/alcohol at outer walls/basal planes, cyclic
ethers at defect sites) at 286.5 eV, C=O (quinone or carbonyl groups at defect sites) at
287.5 eV, and O-C=O (carboxyl mainly at the open ends of the tubes and edges of the
sheets) at 289.0 eV. Hydroxyl is more likely to be on the basal planes and tube walls, and
while the carbonyl groups are at the edges of CNT defect sites. The carboxyl groups are
likely to be at the open ends of the tubes and edges of the sheets. While this type of C 1s
peak deconvolution is possible, precise quantification can be erratic and dependent upon
surface morphology and environmental history. In this study, C 1s was deconvoluted with
the standardized asymmetric C-C component and a symmetric Pi – Pi component. This
was taken as a reference for all follow up analyses involving deconvolution of C 1s.
Upon silica coating, there is no observable difference either in BE or peak shape of both
C-C and Pi - Pi peaks. However, fractional concentration of the peaks changed before and
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after silica coating. Considering the various steps involving drying at RT and high
temperature annealing, these changes are not surprising. It must be also point out that no
support-coating (CNT/HOPG-Silica) interactions involved as seen from the absence of CSi bonds which has an associated BE about 284 eV [27] is seen between HOPG and
silica-HOPG.
Fine scans of O 1s
The O 1s peak from both CNT-HOPG and silica-CNT-HOPG are shown in figure 22A &
22B respectively. Carbon and related compounds exposed to air always exhibit several
oxygen-carbon related peaks [99] [101] such as quinone type carbonyl groups (O=C, at
531.0-531.9 eV), carbonyl oxygen from esters, anhydrides and oxygen atoms in
hydroxyl/phenolic groups (OH/-C, at 532.3-532.8 eV), ether type oxygen in ester and
anhydrides (at 533.1-533.8 eV), and carboxyl groups (O-C=O, 534.3-535.4 eV), water
and O2 adsorbed on the surface (536.-536.5 eV). In case of CNT-HOPG, O 1s was
resolved with four symmetric peaks as shown in figure 22A whereas O1s from silicaCNT-HOPG is deconvoluted with three peaks as shown in figure 22B.
Like C 1s, absolute BE for various oxygen components on carbon are reported, but it
must be noted that many oxygen-containing species are loosely bonded to carbon and
dynamic absorption - desorption occurs. Therefore, exact combination of components
may depend on environmental and processing history. Moreover, BE of O-Si reported at
532.6 eV [102] which coincide with the hydroxyl groups on carbon, hence not expected
to be distinguishable.
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Figure 21: Deconvolution of C 1s peak from CNT-HOPG sample (A), Silica-CNT-HOPG (B)
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Figure 22: Deconvolution of O 1s peak from CNT-HOPG (A), Silica-CNT-HOPG (B)
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In these samples, O 1s from silica-CNT-HOPG showed a strong peak centered at 532.9
eV which can be easily attributed to O-Si due to expected presence of equally strong Si
peak which will be explained below. The observed BE for O-Si peak position is slightly
higher than the standard value 532.6 eV which can also be explained with Si fine scan.
There may be minor additional peaks at 530.8 and 534.8 eV due to O=C and O-C=O
groups, but they are much smaller, almost negligible compared to the main Si-O peak.
Fine scans of Silicon (Si 2p):
Fine scans of Si 2p are shown in figures 23. The Si 2p peak can be either deconvoluted
with combination of Si 2p3/2 and Si 2p1/2 (figure 23A) or single composite peak Si 2p
(figure 23B). According to the literature [103], [104], the BE of various silicon oxides
(synthesized via same method) Si 2p3/2 are reported at [104] are 99.4 eV, 100.4 eV,
101.4eV, 102.5eV, 103.6eV for Si0, Si+, Si+2, Si3+, Si4+ respectively, while Si 2p1/2 are at
100eV, 101eV, 102eV, 103.1eV, 104.2eV. The average BE difference between Si 2p3/2
and Si 2p1/2 is approximately 0.6eV.
In this research, BE values observed for Si 2p3/2 and Si 2p1/2 are 103.6eV and 104.2eV
which matches perfectly with the reported values. Moreover BE value for composite Si
2p is at 103.9eV and O 1s at 532.9eV, the difference in BE of O 1s and Si 2p is about
429±0.1eV. According to the literature [105], 429±0.1eV is the signature characteristic
for silicon dioxide (or Si4+ /O-2), which is well in agreement with the current calculated
value 429eV. Moreover the fractional ratio (O/Si) of components O-Si and Si 2p is
approximately 2. These results indicate that the coating is almost completely silicon
dioxide (SiO2) without any traces of sub oxides.
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Figure 23: Deconvolution of Si 2p peak with doublet 2p 3/2 and 2p 1/2(A), Composite peak (B)
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5.3.5 Surface chemistry of sol gel process
The evolution of surface chemistry of the silica layer for different steps of the oxide
formation was analyzed using XPS. The survey scans between 1000-0 eV with step size
of 1 eV was collected to identify the elements present on the surface. Throughout the
spectrum collection, charge neutralizer was employed to compensate for any charge built
up on the analyzing specimens. Carbon 1s peak at 284.6 eV was taken as a reference
position, a well-established value for HOPG [106] surface. For this analysis, silica film
was directly grown on model HOPG due to the simple flat geometry and similar surface
chemistry to CNT. The XPS spectrums were collected from base line HOPG and four
stages of the silica film formation process;


HOPG (stage-Ι): as-received HOPG substrate without any further processing.



TEOS-HOPG (stage-ΙΙ): as received TEOS was directly deposited on fresh HOPG
and dried at room temperature and pressure (STP) conditions for 24 hrs.



Silica-HOPG @ 20 °C (stage-ΙΙΙ): The HOPG was coated with silica sol/gel
followed by STP drying for 12 hrs.



Silica-HOPG @ 120 °C (stage-ΙV): Silica-HOPG @ 20 °C sample was further
dried at 120 °C for 12 hrs under open air conditions. This would allow the
removal of any solvents such as water and ethyl alcohol



Silica-HOPG @ 500 °C (Stage-V): This step was to anneal the silica layer to
remove built-up stresses in the silica network. This step was carried out under the
argon atmosphere to preserve the graphite support from oxidation.
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Survey scans of samples at stages Ι-V:
Survey scans were collected from all 5 stages explained in aforementioned sections.
From the survey scans (Figure 24), it can be observed that the elements presented on the
samples were C 1s, Si 2p, and O 1s. This clearly indicates that, at any stage, the silica
coatings in this process are free of contaminants.
The region based semi quantification studies from survey scans (Figure 24 inset) yielded
elemental BE positions and At% of all the elements. The oxygen presence on bare HOPG
was environmental absorbed oxygen and not surprising at all. As the TEOS molecules
undergo hydrolysis and condensation during the silica formation, TEOS molecules
chemically breakdown and form --(-O-Si-O-)n--. From stage ΙΙ, Si 2p is presented as
expected and atomic fractions varied due to transition of Si bearing organic moieties
(TEOS) to O-Si-O.
The low Si concentration at stage ΙΙ is due to high vapor pressure of TEOS molecules and
fractional concentrations were dominated by C and O fractions. There was no specific
trend observed in Si/O ratios from stages ΙΙΙ to V and further analysis was needed to
comment on the silica film growth. It must be observed that C 1s is the predominant peak
in all samples (even after silica deposition) which indicates that the films were thin
allowing strong signal from underlying HOPG substrate. For detailed chemical shifts in
elements through sol-gel process, fine scans of C 1s, O 1s, and Si 2p peaks were collected
and analyzed. This analysis was intended for chemical shifts and high resolution fine
scans with step size of 0.1 eV were used for this analysis.
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Figure 24: Survey scans from stages I-V from sol gel process; Stage I (A), stage II (B), stage III (C), stage IV (D), and
stage V (E)

71

Fine scans of carbon (C 1s) and oxygen (O 1s) from background HOPG:
Fine scans of C 1s and O 1s were shown in figure 25A and 25B respectively. Fine scans
from HOPG was used as a baseline to analyze peaks after silica deposition in stages ΙΙ –
V. Peak deconvolution of C 1s was already explained in section 5.3.4 for CNT-HOPG
(Figure 21A) and similar analysis can be applied here for HOPG. Unlike CNT-HOPG,
bare HOPG did not undergo any high temperature processing and expected to show
higher atomic concentration of oxygen. However, BE positions of the peaks were
expected to be similar to CNT-HOPG. Deconvoluted fine scans of C 1s and O 1s and BE
positions of their components and fractions were shown in figure 25A and 25B
respectively.
Fine scans of carbon (C 1s) from stage ΙΙ – V
Fine scans of C 1s from stages ΙΙ – V are shown in figures from 26 A - D respectively. In
case of stage ΙΙ, after subtracting the asymmetric C – C and Pi –Pi peaks from the C 1s,
there are few additional peaks which may represent components specific to TEOS. From
stage ΙΙΙ – V, C-O and O-C=O fractions subdued and baseline C - C and Pi – Pi peaks
were sufficient to resolve the C 1s. More importantly, no additional peaks or shifts in BE
values for the deconvoluted peaks were observed from stage I. More useful information
about O and Si chemical states from the respective fine scans in the following discussion
below.
Fine scans O1s from stage ΙΙ - V
Figure 27 shows the fine scans of O 1s from stages II-V (27A-27D). The fine scans of O
1s are mainly resolved with two symmetric peaks; one from oxygenated carbon groups
between 530.5-532.5 eV and the other from O-Si between 533.1-533.4 eV.
72

A

B

Figure 25: Fines scans of C 1s and O 1s from stage I (support HOPG)
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Figure 26: Deconvoluted fine scans of C 1s; stage II (A), stage III (B), stage IV (C), and stage V (D)
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The bigger BE range given for oxygenated carbon was due to more than one type of
oxygen contaminant possible. As seen from the HOPG surface (Figure 25B), O 1s peak
has FWHM of 2.7 at RT conditions. Surface oxygen absorption can vary from stages II-V
due to drying and annealing steps involved in sol-gel process. O-Si was a symmetric peak
centered in a narrow range. According to the literature [104] the absolute BE of O 1s
peak is at 532.5 eV for all SiOx. However, the BE difference between Si 2p and O1s is
characteristic of the oxidation state, and explained in the follow up discussion.
Fine scans of Si 2p
Figure 28 shows the fine scan of Si 2p from stages II-V (28A-28D). The fine scan of Si
2p peak from stage-II contains a main peak at 103.9 eV (Si-O) and a smaller/tail peak at
102±0.1 eV. The smaller peak /tail peak from TEOS-HOPG sample (Figure 28A) was
related to Si-C/CH3 [107]. Upon silica deposition (stages III-V), the tail peak in Si 2p
disappeared and main peak was resolved with single symmetric peak (Si-O) (figure 28C28D) with BE values between 103.9-104.4 eV as shown in the inset. This is a clear
indication that TEOS molecule undergoes hydrolysis and polymerize to form –(O-Si-O)n.
It is clear from this analysis that TEOS was decomposed and formed SiO2 right from
stage III. This was apparent from the difference in BE of O 1s (O-Si) and Si 2p , which
was about 429±0.1 eV, characteristic of SiO2 [26]. Overall we can conclude that the silica
was in Si4+ (or SiO2) with no signs of other sub oxides and contaminant chemical species
at any stage of the sol gel process.
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Figure 27: Deconvoluted fine scans of O1s; stage II (A), stage III (B), stage IV (C), and stage V (D)
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Figure 28: Si 2p fine scans; stage II (A), stage III (B), stage IV (C), and stage V (D)
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These results indicate that SiO2 may actually be formed at lower temperatures which
contradicts earlier reports [107] that complete hydrolysis of TEOS can only occur at as
low as 300oC. It must be remembered that CNT oxidize at 425 °C and high processing
temperatures and inert atmospheres can be avoided if SiO2 can form at lower
temperatures.
Sol-gel process to synthesize silica coatings at low temperature conditions can be very
useful for substrates such as CNT grafted surfaces. This analysis therefore provides an
important background for future process modifications.
XPS comparison with other forms of silica oxide
Multiple silicon oxides synthesized from various methods were analyzed. Samples
considered for this analysis are fused 99% pure quartz, atomic layer deposition (ALD) of
silica, and thermally grown oxide on silicon wafer. Survey scans from all the samples
were collected and showed strong Si and O peaks along with small fraction of surface
contaminated carbon peaks. Fine scans of all the elements were taken and analyzed for
BE and FWHM of Si 2p and O 1s peaks.
Charge correction
All of the samples showed shift towards lower binding energy due to the non-conductive
nature of oxides. Carbon fines scans were used for charge correction by taking surface C
1s (atmospheric hydro carbon contamination) peak as a reference at 285.0eV (Figure 29A
& 29B) [108]. In case of ALD deposited oxide on HOPG, C=C Sp2 at 284.6 eV is taken
as reference point (Figure 29C) and rest of the peaks shifted accordingly. Charge
corrected C 1s deconvoluted peaks were shown in figure 29.
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Figure 29: Charge correction using C 1s peaks; fused quartz (A), thermally grown oxide on Si (B), and ALD oxide (C)
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Fine scans of O 1s and Si 2p
Fines scans of O 1s and Si 2p peaks were deconvoluted with single Gaussian-Lorentzian
(GL) symmetric peaks and their BE positions and FWHM values were shown in figures
30 & 31 respectively. Summary of various silicon dioxides and their FWHM values were
shown in table 6. Composite fit was shown for Si 2p and BE of difference of O1s and Si
2p was taken as an indicator for SiO2 formation. From this analysis, we can conclude that
the sol-gel process yield pure SiO2 and is comparable to standardized silica synthesized
from more established processes.
5.3.6 Influence of silica coating on surface wettability
Influence of silica coatings on the surface wettability was quantitatively measured using
CA measurements as explained in section 3.4. Water contact angle (CA) was measured
using the goniometer set up and post processing method explained also in section 3.4.
Higher magnification images of figure 16 show that individual nanotubes are coated and
unperturbed by this process. However, lower magnification images show a difference in
gross structures between the CNT-HOPG and silica-CNT-HOPG as shown in figure 32A
& 32B respectively. This difference comes from the collapse of CNT arrays during the
silica coating process which involves EtOH and H2O evaporation and/or capillary forces
during drying. Similar surface morphological changes were observed for CNT carpets
after wetting with either low sur Surface wettability depends on two important factors;
surface morphology and surface chemistry. face tension liquids such as methanol or
liquid based surface etching techniques [35].
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Figure 30: Fine scans of O1s fused quartz (A), thermally grown oxide on Si (B), and ALD oxide (C)
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Figure 31: Fine scans of Si 2p fused quartz (A), thermally grown oxide on Si (B), and ALD oxide (C)
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Table 1: Measured BE values of O 1s and Si 2p of silica coatings and controls
Sample

Binding energies (eV)

Difference

FWHM

(eV)
O-Si

Si-O

Si-O

103.8

O 1s - Si
2p
429.1

TEOS only (Ref )

532.9

Silica drying @ 200C

O-Si

1.75

2.07

533.2

104.2

429

1.45

1.60

Silica drying @ 1200C

533.2

104.1

429.1

1.59

1.74

Silica annealing @ 5000C

533.4

104.4

429

1.85

1.82

Commercial Quartz (99% pure)

532.5

103.5

429

1.40

1.26

Thermally grown silica

533.04

104.1

428.9

1.50

1.34

ALD deposited silica

533.5

104.4

429.1

1.60

1.55

Microwave plasma silica [90]

532.7

103.8

428.9

1.70

1.82

in Argon

Table 6: Summary of BE and FWHM values for Si 2p and O 1s peak at various stages during the sol gel process and
other silicon oxides films
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According to the Wenzel models of wettability, the roughness effect can amplify the
inherent wettability which depends on the surface chemistry. That is, if the CNT are
hydrophilic, then the CNT carpet is expected to be super hydrophilic; conversely if the
CNT carpet is hydrophobic then roughness of the CNT display super hydrophobicity.
Measured and simulated CA on single layer graphene, multi-layer graphene, and HOPG
are all more than 90o. Considering non-polarity, inherent micro and nano-scale surface
roughness, super hydrophobicity of CNT-HOPG surface is not surprising.
CA on CNT grafted surfaces depend on many morphological factors [35] such as degree
of CNT alignment, length of CNT carpet, and pitch of the CNT patterns which influence
the surface roughness factor. For example, CNT grown on silicon or quartz show high
degree of alignment compared to CNT grown on HOPG which may influence the CA. In
this experiment, three spots from each sample were considered for average CA
measurements. It was observed that CA for CNT-HOPG is 162.5±2.2° (Figure 33A) (3
spots× 2 samples) which is higher than the observed [95], [109] CA for aligned CNT
grown on silicon wafer [47]. However, one must be careful comparing CNT grafted
surfaces from one system to another, as many other factors mainly surface chemical
contamination can influence the wettability significantly.
Upon silica coating, CA was lowered to 45±5.5° (Figure 33B) (3 spots × 1 sample) as
shown in figures respectively. It is clear that the silica coating reduced the CA
considerably. Actually, strong correlation was observed between precursor concentration
and CA and reached complete wettability (≤10°) with thick silica coating, showing as
high as 20 At% Si.

84

B

A

Figure 32: Lower magnification SB microstructures of CNT-HOPG (A) and silica-CNT-HOPG (B)

B

A

Figure 33: Static CA on CNT-HOPG (A) and silica-CNT-HOPG (B)
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However, it must be remembered that thicker silica precursor solutions resulted in clumps
forming silica-CNT composite microstructures. It was only at 1:50 precursor solution that
individual CNT were retained. Therefore, there will be a trade-off between extent of
hydrophilicity (low contact angle) and retainment of the nanotube morphology.
It should be pointed out that, in addition to low contact angle, the silica coated CNTcarbon surfaces enable easy functionalization of CNT with nanoparticles synthesized via
liquid phase techniques. In the following sections we have we have described our studies
on the influence of silica coatings/wettability on AgNP functionalization and their
antibacterial performance.
5.3.7 Relation between Oxygen treatment and wettability-XPS analysis
As discussed in the previous section, surface wettability not only depends on the surface
morphology/roughness but is also greatly influenced by chemical parameters such as
surface absorbed functional groups (intentionally created or contaminated). A small
fraction of specific type absorbed contaminants can influence the wetting considerably.
Literature review section have outlined the previous reports related to behavior of wetting
under the influence certain chemical species/functional groups through XPS and Raman
spectroscopy.
These functional groups, in most cases, were introduced intentionally through either dry
vapor phase or wet chemical methods [40]–[45]. As explained in section 5.3.4, carbon
and related surfaces always exhibit surface oxygen absorption which influences the
wettability. Carbon nanotubes were fabricated at 700 °C under Ar and H2 atmosphere,
which acts as a reducing agent for any surface absorbed oxygen species. However, for
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samples stored or treated in air, oxygen absorption cannot be ruled out and needs careful
understanding of functional groups that has direct correlation with wettability. In this
study, pure oxygen was deliberately introduced into the CNT network by exposing CNTHOPG to Oxygen plasma for 10 seconds. O2 ionization was carried out using microwave
operating at 115 watts microwave power. From the inset in figure 36, it can be seen that
the surface wettability was increased as CA on the O-CNT-HOPG is as low as ≤ 10°.
Contact angle on oxygen-CNT-HOPG was too low to measure accurately with the current
measurement set up, hence only a range is given.
5.3.8 Surface chemistry analysis
In this section, the influence of surface chemistry on wettability of CNT grafted surface
has been analyzed using XPS. Photoelectron spectra were collected from CNT-HOPG
and Oxygen plasma treated sample (O-CNT-HOPG) and analyzed as follows.
Survey scans
Survey scans were collected between 0-1000 eV with resolution of 1 eV and were shown
in figure 34. It was observed that all the surfaces contain only carbon (C 1s) and oxygen
(O 1s) without any impurity elements. Shirley and linear backgrounds were used for C 1s
and O 1s peaks. Survey scans were taken on two spots from each sample and region
based peak quantification studies were performed. From these studies, average C/O ratio
for CNT-HOPG and O-CNT-HOPG are 91.6 and 27.6 respectively (figure 34 inset).
Oxygen presence in case of control CNT-HOPG sample comes from air contamination
oxidation and is expected. In case of O-CNT-HOPG, the decrease in C/O ratio is due to
oxygen ions absorbed onto the CNT outer walls, which is reflected on reduced contact
angle.
87

A

B

Figure 34: Survey scans and region based quantification studies; CNT-HOPG (A) and etched/oxygen absorbed CNTHOPG (B)
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These functional groups introduced by chemisorption promote polar bonding between
CNT and water molecules, hence lowering the wetting angle.
Fine scans of C 1s
Fines scans were used to identify different chemical groups attached to the surfaces of
CNT carpets. High resolution fine scans of carbon peaks were collected between 280-298
eV and were shown for both CNT-HOPG and O-CNT-HOPG surfaces in figures 35 and
36 respectively. The extra peak introduced by the oxygen treatment is seen as higher
energy bump.
Deconvolution approach used for of C1s peak on these CNT-HOPG samples was shown
earlier (figure 21A) and reused here. In the case of O-CNT-HOPG, an extra C-O/OH was
at 286.6eV along with standard C-C and Pi-Pi peaks. The average BE positions with error
ranges over two spots were shown in table 7. The table also shows the component based
average fractional concentrations of all components over two spots from each sample.
From the results, decrease in C=C sp2 fraction with plasma treatment can be seen.
Conversely, C-O/OH peak fraction has increased which indicates that the C=C oxidized
and formed C-Ox groups generated on the CNT surfaces. Similar observations were made
in earlier [110], [111] reports using oxygen treatment via plasma reactor. It must be
remembered that treatment times were limited to only 10 seconds (at 115 W) in order to
prevent surface etching and damage of the CNT arrays.
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Figure 35: Deconvolution of C 1s fine scan from CNT-HOPG
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Figure 36: Deconvolution of C 1s fine scan from oxygen absorbed CNT-HOPG
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Table: Influence of C1s photoelectron peak components on contact angle
BE positions (eV)

π

C asymmetric peak

284.6

CNT-HOPG (%),
θ=164±2o
97.7

C-O/OH (hydroxyl)

286.6±0.1

below detection

3.0

291±0.1

2.3

4.9

π* shake up peaks

Oxygen -CNT-HOPG (%)
θ = ≤10o
92.1

Table 7: Component based quantification of deconvoluted C 1s peak

It is clear from the quantification results (Table 7), C-O/OH peak relates to surface
wettability which was reflected in reduction of CA from 164±2° to 0-10° between CNTHOPG and O-CNT-HOPG. From this analysis, it can be concluded that C-O/OH type
bonds were formed on the CNT basal planes and promote wettability even at low
fractional concentrations relative to carbon. This is in contrast to general hypothesis [47]
that the wettability and CA almost follow linear trend with gross O2 absorbed on the
surface. The C-O/OH moisture type bonds can be stripped off with short drying steps and
do not require vacuum annealing [47], and hydrogen environments [109], and dark
storage [95] used by earlier researchers.
These high surface area solids with improved wettability offer excellent support materials
for nanoparticle (NPs) deposition via certain process such as chemical reduction in liquid
medium. Surface wettability also plays a key role in performance of nanomaterials
deposited on CNT supported carbon solids on the targeted application such as water
purification, thermal management and structural composites, biological scaffolding etc.
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In the following chapters research is focused on the influence of surface modifications of
CNT grafted surfaces on nanoparticle deposition and distribution densities which can
provide useful information for antibacterial performance of these materials.
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Chapter 6:

Influence of surface modifications on fluid

permeability
6.1

Introduction

It was discussed in section 2.4, surface modified reticulated foams were found to be the
most suitable structures for liquid purification devices. There are many mathematical
models correlating materials structural properties with important engineering properties
such as pressure drop and fluid permeability. As shown in figure 14, starting reticulated
foams offer significantly lower pressure drops, higher permeability and lower inertial
forces. However, the surface modification methods employed in this research, namely
CNT grafting and subsequent silica coating, would be expected to change the structural
and chemical properties of the solid surfaces. Therefore, the influence of each surface
modification process on water flow properties of the foam was investigated.
It was discussed in Chapter 2 that most commonly used fluid flow models [56], [112],
[57], [58] explain the dependence of flow phenomena on fluid properties (viscosity,
density etc.) and structural parameters such as pore sizes, % porosity, solid phase SSA,
and surface roughness. Some investigators are beginning to discuss the influence of
surface wettability, sticking coefficients, and capillary forces on the observed pressure
drop and permeability, but on much simpler geometries such as narrow cylindrical tubes.
In these hierarchical structures, the surface wettability, morphology, and effective
porosities are changing with each modification, as indicated by changes in water contact
angle and microstructures. Hence, all of the above factors are affected. However, since
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the interfacial geometries are significantly more complicated than the earlier
mathematical models, unambiguous quantitative correlation with individual physical
properties is not possible. Therefore, steady state flow experiments have been conducted
and the relationship between P and v plotted to understand the general trends of how
each surface modification steps will influence water flow through the porous hierarchical
material.

6.2

Materials and methods used

Three kinds of porous structures were considered for this analysis


as-received reticulated foam (or foam): as reticulated 80 PPI reticulated foam



CNT grafted foam (CNT-foam): CNT grafted reticulated foam



Silica coated CNT-foam (silica-CNT-foam): without further processing, CNTreticulated foam, and silica coated CNT- foam were selected for this research.

Fluid pressure drop across these materials were studied using ΔP/L vs. υ plots developed
using the method explained in section 3.5. For this analysis, 4-5mm (thickness) ×
11.5mm (diameter) size foams were used in this experiment.

6.3

Results and discussion

Minimum of three samples were considered for each category and the average ΔP/L for
set vol. flux (ɋ) or volumetric flow rate. The follow up average ΔP/L vs v plots were
developed as explained in section 3.5 and shown in figure 37 for all the samples.

95

nd

Figure 37: ΔP/L vs υ characteristics and their variations with surface modifications; Fitted with 2 order polynomial
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Few general assumptions can be used in interpreting this data: The ΔPobs/L in the plot
(Figure 37) indicates that the energy required to maintain the set flow rate. Comparing
this with equation 2 in section 2.4,
……………………16

(

)………………….. 17

(

)…………………..18

Which includes the pressure build-up discussed in the modified Forchheimer equation
which is always positive and the pressure created due to capillary forces which depends
on the surface wettability. The latter term is more important when the surface is wettable
(hydrophilic) and capillary forces tend to propel the water forward making Pce negative
(Equation 18).
The linear part of the equation represents the energy required to overcome the fluid
viscous forces whereas the nonlinear term indicates energy required for the inertial
forces. From the figure 50 it can be seen that, at any given υ, the gross ΔP/L increases
with CNT grafting and decreases with silica coating or improved wettability.
As discussed in section 2.4, the overall governing parameters that can directly influence
the ΔP/L are geometrical features of the porous media such as porosity (ε), specific
surface area at micro-scale level (S), fluid viscosity (µ), density (ρ), and surface
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wettability (θ), and capillaries. In this experiment, the varying parameters between
various structures are ε, S, and θ.
6.3.1 Influence of CNT grafting on pressure drop
For the given experimental conditions, length of the CNT grown outward on the struts (or
perpendicular) are 30µm. Cross sectional microstructure of as received and CNT grafted
strut can be seen in figure 38A & B respectively. Considering the linear porosity (inner
diameter over outer diameter of the pore) before and after CNT grafting are 52.7% and
40.7% respectively. Linear porosity is decreased by 23% with CNT grafting. In addition,
the CNT grafted surface is considerably more hydrophobic than initial strut surface,
implying water is expected to roll over the later, reducing the effective water channel
dimension still further. Hydrophobic surfaces may reduce P to some extent by providing
less drag (and more slip) as discussed by [113] compared to more wettable surface, but
that is expected to be a small effect countered by effective capillary forces acting in the
opposite direction. These results repeated multiple times clearly indicate that pressure
build-up across the porous material increases with CNT grafting, mainly due to reduced
effective open channels which affects both linear and nonlinear coefficients.
6.3.2 Influence of silica coating on pressure drop
Silica coating increases the surface wettability as shown in earlier section 5.3.6. This
clearly decreases the pressure build-up in the foam despite the presence of CNT carpet,
which is possible in two ways: (i) As the CNT surface is wetted, water can flow through
the region in the CNT carpet, increasing the effective area of open channels for water
flow, (ii) the capillary forces are in favor of propelling water forward along the interfaces.
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B

Figure 38: Cross sectional view of as-received reticulated strut (A) and CNT grafted strut (B)
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In summary, CNT grafting clearly reduced the permeability of fluid through the material
since the super-hydrophobic carpet significantly reduced the effective open channels for
fluid flow. When the CNT carpet was functionalized with CNT the permeability clearly
increased and pressure drop decreased for given flow velocities due to reopening of the
CNT- carpet for water transport, and also possibly capillary driven forces adding extra
thrust to the flow. More detailed experiments and modeling on simpler geometries will be
needed to understand the individual contribution of each parameter on the observed flow
patterns. The water flow results will be correlated with the SSA utilization for fluid
purification systems in the follow up chapter.
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Chapter 7:

Influence of surface modifications on silver

nanoparticles attachment
7.1

Introduction

The demand for clean water is increasing rapidly throughout the world due to population
growth and industrialization. The contamination in water is briefly classified into two
categories; chemical [114] and biological [115]. Nanoparticle based devices offer high
SSA and are useful for catalysis, thermal management composites, electrodes, energy
storage and sensing, optical and electronic applications, and environmental purification
devices. However stand-alone nanomaterials can cause handling problems, material loss
and environmental pollution. Hazards of AgNP contamination, both health and
environmental, can be greatly reduced by attaching these particles to larger substrates
[74]–[78]. The limiting factor in these cases is the specific surface area (SSA) that a large
solid support can offer. This can be overcome by creation of supports with exceptionally
high surface area by grafting CNT arrays on larger surfaces. Nanoparticles deposited on
such supports were shown to improve the chemical decontamination of water systems
compared to nanoparticles deposited directly deposited on surfaces without CNT grafting
[14].
In light of the recent success of this approach, AgNP were deposited on various surface
modified CNT grafted surfaces via liquid based chemical reduction method. The AgNP
synthesis process was slightly modified from the earlier research [54] to adapt to the
current multiscale hierarchical materials. Influence of various surface modifications on
NPs size and deposition density was studied using image analysis. Surface morphological
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and chemical states of NPs were investigated using electron microstructures and
photoelectron spectroscopy.

7.2

Materials and methods

7.2.1 Materials used
Highly oriented pyrolytic graphite [HOPG ZYH grade provided by Molecular Imaging]
with and without CNT grafting was used in this study. Silver nanoparticles were
deposited on four types of support structures; HOPG, CNT-HOPG, O plasma treated
CNT-HOPG, and silica-CNT-HOPG.
7.2.2 Silver nanoparticle deposition
In this research, we have selected the in situ reduction method and using AgNO3, and tri
sodium citrate (Turkevich method) [79]. Growth mechanism of AgNP stabilized by
citrate ions are well established in the literature [79]. Silver nanoparticle deposition is a
two-step process: AgNO3 deposition on supports, chemical reduction of AgNO3 into
zero-valent AgNP (AgNP0). Silver nitrate is a light sensitive process and was therefore
required to conduct either in dark or red light.
AgNO3 deposition on supports:


The AgNO3 deposition is done via simple dip coating method. Selected porous
structures are known to be hydrophilic and were wetted with methanol initially
followed by cleaning with distilled water.



The cleaned substrates are soaked in 0.72 M AgNO3 [AgNO3 as Ag precursor
(Sigma Aldrich; 99.99%)], solution for approximately for 24hr.
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The samples are removed and cleaned with methanol to remove excess/un reacted
salt prior to reduction step.

In situ chemical reduction method:


The chemicals used in this process include Dimethyl sulfoxide [(DMSO) as
reducing agent [82] (Sigma Aldrich; 99.5%)] , and Tri sodium citrate [Na3C6H5O7
as a stabilizing agent [82] (MP bio; 99%)].



Initially, 15ml of DMSO was taken in a reduction beaker and a magnetic stirrer
was placed at the bottom of the beaker.



A sample shelf was placed to host the sample from falling down into the rotating
stirrer. The reduction beaker was placed on a hot plate and heated to 60 °C.



Upon reaching the desired temperature, 5mg of tri sodium citrate was added to
DMSO to make 1mM solution.



Continuous stirring helps rapid solubilization of citrate as its solubility is very low
in DMSO. Silver nitrate deposited sample was then placed on the sample shelf.



As the AgNP nucleated from AgNO3, DMSO-citrate solution gradually turns
from colorless liquid to light yellow (in case of AgNP on as-received supports) or
pink (in case of Ag NP on CNT grafted supports) which indicates formation of
AgNP.



After two hours, samples were taken and washed off with distilled water to wash
off any loose Ag NP, unreduced salt, and other non-reacted chemicals.
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7.3

Results and discussion

7.3.1 Process Optimization
High surface area support structures were fabricated as explained in section 4.2.2. Carbon
nanotubes grafted on HOPG surface was used as model surface for particle size
distribution analysis due to identical surface morphology and chemistry as CNT grafted
porous structures. The average nanoparticle size, distribution, and deposition density
(number of particles per area/or length) of AgNP depend on several process parameters
such as molarity of silver nitrate solution, molarity of DMSO-citrate solution, Ag/citrate
ion ratio, and the reduction temperature.
Influence of reduction temperature
It was shown in the earlier studies [54] that reduction temperature plays an important role
in average nanoparticle size and density. It was seen that, at a constant/given AgNO3
molar solution, the AgNP grown at 60 °C yielded smaller (about 3-4 nm) and more
uniform nanoparticles compared to particles grown at 80 °C. Nanoparticles reduced at 80
°

C showed significant AgNP deposition, but these particles have agglomerated (mean

diameter in the 7-8 nm range), yielding clusters as large as several micrometers. From
such measurements the average particles per length (PPL) of CNT were estimated to be
9.2 ±4/µm for control sample, 106±24/µm for 60 °C sample, and 82±20/µm for 80 °C
sample. Overall it is clear that the AgNP formed at 60 °C yielded smaller NPs, denser
packing and more uniform distribution on CNT, hence was selected for the further
disinfection studies.
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7.3.2 Influence of AgNO3 solution molarity
For this analysis, AgNP were grown on flat HOPG without CNT grafting at 60°C
reduction temperature. As-received pristine HOPG allows easy quantification of
nanoparticles. Two kinds of molar solutions were prepared; 0.24M and 0.72M and the
rest of the processing parameters were held as they are. Figure 39A & 39B shows the
microstructures of AgNP grown from 0.24M and 0.72M solutions respectively. From the
figures, it can be clearly seen that higher molarity yields higher deposition densities (or
number of particles per area) but not necessarily influence the mean particle size.
Particles size distribution and deposition densities are studied using image analysis and
histograms.
Analysis of mean and particle size distribution: Multiple microstructure images at
magnification of 200,000X (implying analysis area just over 287,775 nm2) from both
samples were analyzed for particle size distribution, and summarized in Table 8. The BE
micrographs were loaded in Scandium© software, and counted both computationally and
manually for cross checking. It can be clearly seen from the histogram (Figure 40) that
the majority of particles fall between 1-6 nm and observed to have variation particle
distribution. The mean particle diameter for the AgNP-HOPG samples grown from
0.24M and 0.72M are 4.61nm and 4.83 nm respectively. However particle deposition
density has increased significantly (over three times) to 442/µm2 with higher molarity
compared to 182/µm2 as seen from the table 8. Based on the earlier research [54] and the
current studies, it can be concluded that the combination of high molarity and 60oC
reduction temperatures were selected for AgNP deposition on CNT grafted porous
structures.
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Figure 39: Influence of AgNO3 solution molarity on AgNP deposition; 024M solution (A) and 0.72M solution (B)
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Figure 40: Histogram of particle size distribution with varying molar concentration

AgNP-HOPG sample

0.24M

0.72M

Total images

2

5

Mean particle size (nm)

4.61

4.83

Standard error (nm)

1.9

4.3

Average particles per area (/µm2)

182

442

Table 8: Quantification results of nanoparticle size and deposition density
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7.3.3 Influence of surface modification on AgNP growth
It is expected that AgNP growth will be influenced by the substrate chemistry. This
analysis is designed to study the influence of various surface modification techniques on
AgNP growth on the CNT-grafted samples. Silver nanoparticles were deposited on three
types of support structures; CNT-HOPG, O-CNT-HOPG, and silica-CNT-HOPG. CNT
fabrication and oxygen treatment processes were explained in sections 4.2.2. and 5.2.2,
respectively. Silver nanoparticles were deposited using the modified Petkovich technique
outlined in section 6.2.2.
Microstructures of base line CNT-HOPG and AgNP-CNT-HOPG, O-CNT-HOPG, and
silica-CNT-HOPG were shown in figures 41A, 41B, 42A, and 42B respectively. The
image of control CNT-HOPG is shown in Figure 41A. It must be remembered that the
CNT-HOPG sample may contain small but detectable amount of NPs even prior to AgNP
deposition. These are iron nanoparticles (FeNP), which serve as catalysts for CNT growth
during the CVD process and residual quantities remain in the substrates. However, CNT
growth studies [90] as well as scanning transmission microstructures showed that the
FeNP was mostly embedded/or wrapped in CNT and does not show up in SB (secondary
backscatter) imaging mode. Moreover, earlier estimates from BE images showed that less
than 6% of total nanoparticles (about 5-10 nm average size) were actually composed of
FeNP. The low content of FeNP was expected to have no or minimal influence on the
AgNP distribution and size measurements. Silver nanoparticles quantification studies
include all particles visible by SB imaging.
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B

Figure 41: Microstructures of CNT grafted HOPG surface (A) And AgNP deposited on as grown CNT-HOPG
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A

B

Figure 42: AgNP deposited on O-CNT-HOPG (A) and silica coated CNT-HOPG (B)
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Analysis of particle size distribution
For this analysis, different modes of imaging were tried to differentiate nanoparticles
from background carbon. Modes such as secondary backscattered (SB) with varying
degrees of secondary and backscattered electrons or backscatter electrons (BE) were
selected on a sample by sample basis. Multiple microstructures from all samples were
analyzed for particle size distribution, average particle size, and deposition density, and
summarized in table 9.
The electron micrographs were loaded in Scandium© software, and counted both
computationally and manually for cross checking. Figure 41 shows the histogram of
AgNP size distribution from all three types of support. Multiple microstructures from
AgNP deposited directly on CNT-HOPG and AgNP deposited on Silica-CNT-HOPG and
AgNP deposited on O-CNT-HOPG samples were taken for mean size and particle size
distribution measurements. From this analysis, it was determined that the mean diameter
of AgNP reduced on CNT-HOPG, silica-CNT-HOPG, and O-CNT-HOPG are 5.5±4.2
nm 11.8±11.5 nm, and 4.13±1.6 nm respectively. In the current experiment, mean size of
AgNP grown CNT-HOPG is slightly higher than the previous AgNP grown [54] on
similar surfaces. The higher mean values may be due to the high molarity AgNO3
solution used in the current experiment.
Mean size of AgNP grown on silica-CNT-HOPG is 11.8±11.5 nm which was almost
double the size of AgNP grown on CNT-HOPG and O-CNT-HOPG. This can be due to
strong surface wettability of silica coated supports leading to absorption of high amount
of precursor solution. For the similar citrate-DMSO molarity, higher amount of Ag+
available on silica-CNT-HOPG surface lead to bigger particles. On the other hand
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smaller AgNP were grown on O-CNT-HOPG which can be due to isolated oxygencontaining functional groups (C-O/OH) attached on CNT that can immobilize the
nucleating metal clusters. Similar observations were made by earlier research [83] and
claimed that functionalized CNT stabilizes the NPs from agglomeration resulting in finer
particles compared to NPs grown on pristine CNT.
From the normalized histogram (Figure 43) it can be seen that most of the particles
grown on CNT-HOPG and O-CNT-HOPG showed standard normal distribution curve.
Majority of NPs (more than 90%) were populated between 2-7 nm. Conversely, particles
on silica-CNT-HOPG have spread across winder range of sizes, 4-12 nm. Moreover
significant percentage (approximately 12%) of AgNP is more than 20 nm and clustered
together to form AgNP patches in some areas. The grouping of AgNP between 2-7 nm on
CNT-HOPG and O-CNT-HOPG attributed to isolated nucleation sites that do not interact
or agglomerate with time. However the same cannot be said about Silica-CNT-HOPG as
silica forms a continuous hydrophilic layer that may hold more precursor components as
a connected top layer, which makes it easier to agglomerate during metal formation. In
addition, sol-gel film thicknesses are known to be non-uniform, which may lead to large
local variations in precursor thickness and resulting in NPs formation. The histogram is
divided into three regions based on the particle sizes; ˂ 3 nm, 3≤x≤7 nm, and ˃7 nm as
shown in Figure 44. In the case of AgNP grown on CNT-HOPG, the percentages of
particles falling into the aforementioned regions are 42.9%, 45.9%, and 11% respectively.
More or less similar measurements were made on O-CNT-HOPG and corresponding
percentages are 52%, 45.8% and 2.1% respectively.
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Figure 43: Influence of surface modifications on AgNP size distribution
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Figure 44: Infleunce of surface modification on AgNP growth

Substrate

Total images
(distribution)

Average particle Total images
size
(NPs per length)

Particle per CNT
length (/µm)

HOPG

5

4.6±1.9

NA

NA

CNT-HOPG

18

5.5±4.2

7

11.2±1.8

O2-CNT-HOPG

5

4.1±1.6

5

31±7.4

Silica-CNT-HOPG

16

11.8±11.5

3

8.6±3.2

Table 9: Quantification studies on AgNP grown on various supports
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In complete contrary percentages of NPs grown on silica-CNT-HOPG are 2.8%, 43.4%,
and 53.7%. The shift towards larger particle size with silica coating is very clear.
Analysis of particle deposition density (Number of nanoparticles per length (PPL))
For this analysis, total length of CNT that falls within the depth of focus of the instrument
operating at working distance was measured. It must be emphasized that, unlike counting
all visible particles as done for size distribution analysis, only particles that were clearly
seen to be attached to the nanotubes in focus, were considered for this analysis. The
average length of CNT in a two dimensional area of just over 0.3 µm2 is 4.71 µm, 6.3
µm, and 2.41 µm for AgNP grown on CNT-HOPG, O-CNT-HOPG, and silica-CNTHOPG respectively. The corresponding average number of NPs counted on them is 53±9,
199±48, and 27±10, respectively. This analysis would give rise to 11.2±1.8/µm,,
31±7.4/µm, and 8.6±3.2/µm NPs per length in the three cases. Number of microstructures
considered, average particle size, and NPs per length are summarized in table 9.
From this analysis, it is clear that plasma treated CNT support finer particles at about
three times higher density (particles per length of CNT) compared to untreated CNT.
With the silica coating, densities do not increase (slight decrease) but NPs are
significantly larger in size, indicating possible higher amounts of Ag atoms within the
same volume. The total number of particles per substrate area (PPA) can be estimated
from this data using the formula below.
PPA=NCNT × lCNT × PPL……….19
Here, NCNT and LCNT are number of CNT per area and average length of CNT. For
measuring PPA from the above equation, provided accurate estimates of NCNT and LCNT
115

are available, one can obtain PPA, and eventually, nano-particles per unit volume of solid
(NP per unit volume = PPA * SSA).
EDAX elemental quantification
Elemental quantification studies on AgNP grown on various surface modified structures
are shown in table 10. EDAX data was collected at 7 kV accelerating voltage and probe
current of 12 mA. From the data, it can be seen that higher Ag content was obtained on
the silica-CNT-HOPG surface compared to CNT-HOPG surface. As explained earlier
that higher Ag content was due to bigger particles size. Higher Ag content was also
observed with plasma oxygen treatment even with finer particles, this time due to higher
deposition density of AgNP on the nanotubes. Particle size analysis and EDS
quantification revealed that higher Ag content was obtained with improved surface
wettability.

Wt% of elements presented on the surface
Element

AgNP-CNT-HOPG

AgNP-Silica-CNTHOPG

AgNP-O-CNT-HOPG

CK

78.25

64.27

72.73

OK

6.89

12.39

10.56

SiK

7.56

12.18

8.58

AgL

1.74

6.6

4.59

FeL

5.54

4.56

3.52

Table 10: Energy dispersive spectroscopy of AgNP grown on various surface modified surfaces
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7.3.4 Surface chemistry of AgNP-carbon surfaces
Surface chemistry of AgNP supported on carbon was studied using XPS. For this
analysis, model substrate (HOPG) as support was selected which provides a well-defined
flat geometry, but identical chemistry as the foams. Surface chemistry studies were
performed on AgNO3 powder (sample-I), before (sample-II), and after the reduction of
AgNO3 (sample-III) in order to monitor chemical changes. Survey scans and region based
quantification studies of all three samples are shown in figure 45. Sample I (ceramic
powder) showed significant charge shift, and had to be corrected using adventitious
carbon C 1s peak at 284.6 eV (sp2 type carbon) Other survey scans were from films on
carbon substrates did not require charge correction. Strong carbon signal from AgNO3
powder scan is from the double sided carbon tape used to hold the powder, and carbon
fraction from sample II and III are from support HOPG.
Increase in fractional carbon signal upon reduction is caused by formation of isolated
nanoparticles, which leaves more of the graphite support exposed. Table 11 shows the
fractional concentrations of Ag/O and Ag/N at each stage during the AgNP synthesis
process calculated from the quantification results from the survey scans. From the table it
can be clearly seen that, Ag/O remain unchanged till AgNO3 solution was deposited on
the substrate. There was a slight decrease in Ag/O after reduction step due to the
combination of nitrate reduction and oxygen absorption on the exposed HOPG surface.
Nitrate reduction can be clearly seen from the four fold increase in Ag/N ratio from
sample- I to sample- III which indicates that the most of the nitrate was reduced.
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Figure 45: Survey scans of AgNO3 (A), AgNO3 solution deposited HOPG (B), and AgNP deposited HOPG (C)
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Ag/O

Ag/N

Sample-I

0.49

1.48

Sample-II

0.5

1.05

Sample-III

0.42

5.71

Table 11: Fractional ratios of Ag/O and Ag/N from all three stages on AgNP formation

Fine scans of C 1s
Fine scans of C 1s from all three samples are shown in figures 44A-44C. Charge
correction was applied to AgNO3 sample taking C=C Sp2 BE at 284.6 eV as a reference.
Carbon fraction from sample-I is from carbon tape (Figure 46A) where as carbon from
samples II (Figure 46B) & III (figure 46C) were from underneath HOPG. The
deconvolution of C 1s peak was already explained in section 5.3.4. These peaks just show
that oxygenated carbon (impurities) peaks present in AgNO3 samples, but were removed
during AgNP formation.
Fine scans of O 1s
Fine scan of O1s is shown in figure 47. It can be seen that O1s from sample I is mostly
from one component, standard AgNO3, which matches with reported data [116]. Sample
II shows the same peak, but with higher fraction of impurity component, mainly the
oxygenated groups on graphite substrate, as discussed in earlier section 5.3.4. Sample III
shows a broad peak, which implies more than one types of oxygen bonding. It may be a
combination of Oxygen groups on carbon, surface oxide on silver, and/or residual traces
of silver nitrate. It is not possible to distinguish these since average BE of O-Ag peak is
at 532.1±0.1 eV which is in agreement [116] with oxygen in nitrate (NO3).
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Figure 46: C 1s fines scan quantification; AgNO3 (A), AgNO3 solution deposited HOPG (B), and AgNP deposited
HOPG (C)
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Figure 47: O 1s fine scan deconvolution and quantification; AgNO3 (A), AgNO3 solution deposited HOPG (B), and
AgNP deposited HOPG (C)
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However, the broadened peak at 532 eV with increased (1.4 eV) full width at half
maximum (FWHM) may indicate O-Ag peak rather than nitrate. BE of O1s in AgxO
[117] ranges from as low as 529 eV to as high as 532.5 eV based on exact stoichiometry
and structure (nano rods, particles) which makes it possible that there is a range of Ag-O
species on the surface of silver nanoparticles.
Fine scan of N1s
The XPS Fine scans of N 1s from all samples are shown in figure 48. Average BE of N
1s is 406.3±0.2 eV which is lower than the reported values for various metal nitrates
[118]. Drastic decrease in intensity of N 1s (figure 46C) is the strongest indication yet
that AgNO3 was reduced.
Fine scans of Ag 3d
The XPS fine scans of Ag 3d from all samples are shown in figure 49. BE positions of
Ag 3d5/2 and Ag 3d3/2 peak were shown in inset of figure 49 and a separation of 6 ± 0.1
eV is observed which is in agreement with the literature [119]. However, other BE of Ag
containing molecules [117], [119]–[121] such as silver nitrates [119], oxides [117],
metallic silver [120], [121] all fall within 0.2 eV of each other. Earlier reports [116]
pointed out that Ag 3d5/2 transition from Ag+ to Ag0 resulted in a slight (0.2 eV) lower
energy shift (within the estimated error of 0.3 eV < x < 0.5 eV). This shift is too small for
reliable detection and quantification. It is observed that average full width half max
(FWHM) of Ag 3d5/2 and Ag 3d3/2 peaks in samples II and III (before and after AgNO3
reduction) are 0.9753, 0.9638 and 1.1105, 1.1376 respectively. Slight, but systematic
broadening of both Ag peaks [121] upon reduction can be an indication of presence of
more than one electronic state for Ag after nanoparticle formation.
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Figure 48: N1s fine scans; AgNO3 (A), AgNO3 solution deposited HOPG (B), and AgNP deposited HOPG (C)
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Figure 49: Ag 3d fine scans; AgNO3 (A), AgNO3 solution deposited HOPG (B), and AgNP deposited HOPG (C)
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This may indicate presence of metallic silver along with oxide or sub-oxide, but is not
conclusive from XPS data alone.
7.3.5 Crystal structure of AgNP-carbon surfaces
The XRD pattern of AgNP deposited carbon support was collected using the MD-10
table top diffract meter. The operational procedure and parameters used for collecting the
data is explained in section 3.2. The XRD patterns on control as-received carbon foams
and AgNO3 salt alone was also collected. The diffraction peaks for all three samples were
shown in figure 48. The diffraction peaks for the carbon foam is at 26°, 41°, 43°, and 55°
corresponds to (002), (100), (101), and (004) respectively (Figure 50A). These peaks are
in agreement with the reported observations[94] for graphite and their related compounds
such as graphite powder and standalone CNT. Diffraction peaks for the AgNO3 alone
has diffraction patterns at 29°, 35°, 47°, and 62° [122]. Diffractions peaks for AgNO3
powder were used as standard for identifying any traces of unreacted nitrate in sample III
(after AgNP formation). However, as can be seen in Figure 50C, peaks related to AgNO3
were completely missing while all the carbon related peaks were retained along with the
extra new peak. The extra new peak at 38.3° was observed (Figure 50C) which
corresponding to silver face centered cubic (111) plane. This indicates that the formed
AgNP is highly crystalline with (111) plane as basal plane and is in agreement with
reported diffraction data [78] for standalone AgNP and AgNP grown on CNT. It must be
noted that diffraction pattern from large quantities of isolated nanoparticles and
nanoparticles grown on isolated CNT powder show additional peaks at 44.4°, 64.6°
corresponding to (200) and (220) diffraction respectively [78]. However, they are
expected to be smaller than the main (111) peak. In this sample, the main (111) peak
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itself has pretty low due to the small amount of detectable silver. Therefore, absence of
higher order silver diffraction peaks is not surprising. The complete reduction of all
nitrate peaks in XRD indicates that most of the AgNO3 precursor salt is reduced during
reduction step. However, some traces of N-containing species may be remaining on the
surface, as indicated by the residual N 2p peak in the XPS spectrum of Figure 48C.
7.3.6 Mechanical durability of AgNP on support structures
Success of hierarchical structures comprising nanotubes and nanoparticles depend on
maintaining the structural integrity. Two kinds of failures can be expected in supportCNT-AgNP architecture, which are carbon-CNT peel off and loss of nanoparticles on
CNT. Earlier mechanical durability studies were designed to test the adherence of CNT to
carbon were performed using the well-known tape test [90] [123]. It was proven that
CNT were well attached to carbon via intermediate SiO2 buffer layer. In other tests,
stability of AgNP on CNT were also tested via ‘ultrasonication” and shown that almost
all AgNP on CNT was retained after [54] the test.
In this current experiment, durability of the AgNP deposited on CNT coated structures
was tested by tumbling the structures through water for 80 mins. This mode of testing
was chosen because it is expected to be one of the approaches for deploying these
materials for purification of fluids. Figure 51 shows the microstructures before and after
the durability test. There were no observable microstructure changes before (figure 51A)
and after (figure 51B) the test. This observation is supported by the EDS quantification
analysis as the quantification results are consistent over the course of the test, hence we
can confidently conclude that both FeNP and AgNP are retained in this mode of test.
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Figure 50: X-ray diffraction pattern of Carbon (A), AgNO3 (B), and AgNP deposited carbon (C)
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These results conclude that AgNP on CNT is stable and emphasize the usability of this
structure in bacterial inactivation of water systems. These structures are housed on large
units (foams) and therefore are easy to replace as needed. Moreover the disposal of
nanostructures can be easy by burning out the carbon and precious Ag can be reclaimed.
Summary
In this chapter, previously developed AgNP synthesis method was modified to achieve
higher AgNP deposition. Silver nanoparticles were grown on various surface-modified
CNT and the influence of surface modifications were studied using particle distribution
analysis. Nanoparticles deposition density was also measured from image analysis using
scandium software. Silver nanoparticle’s grown on CNT-HOPG supports yielded smaller
particles with narrow size distribution, conversely particles grown on silica-CNT-HOPG
yielded bigger particles with wider distribution. Combinations of XPS and XRD results
showed that the formed NPs are metallic while the possibility of small amount of N
contamination cannot be ruled out. As discussed in the earlier section 2.2, AgNP and
AgNP based materials are potent antibacterial devices. These devices are especially
useful in biologically contaminated liquid purification, wound dressing, antibacterial
textiles, and bio sensing. In addition to antibacterial applications, AgNP on carbon
substrates have potential use in many other electronic devices such as electrodes for fuel
cells, high conductivity composites, plasmonic sensors, and hybrid thermal management
structures [16]. In our research, we have tested the antibacterial bacterial efficiency of
these devices in biologically contaminated water.
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A

B

Figure 51: AgNP coated CNT; before (A) and after 80minutes tumbling in water (B)

129

Chapter 8: Antibacterial efficiency of hierarchical structures
and Influence of surface modifications
8.1

Introduction

Silver (Ag) is a known antibacterial element for many centuries and has been extensively
used for antibacterial applications in textiles [67], cosmetics [69], surgical tools [66],
[68], and water treatment applications [124]. Among the aforementioned applications,
AgNP usage in biological decontamination [2] or purification of water systems has
picked up pace due to many problems associated with common treatment methods such
as ozone treatment, or strong oxidants containing halogens, peroxides, or related
compounds [3]. In addition, most of the common biological contaminants such as viruses,
bacteria, and protozoa are becoming immune to traditional treatment methods which
further the need for new purification technologies. However, as discussed during the
course of this dissertation, standalone NPs contaminate the environment which often
cause serious health hazards [115] and need to meet WHO standards [125] prior to the
consumption.
Such health and environmental hazards of NPs can be greatly reduced if they can be
either enclosed in, or strongly attached to bigger structures. Few such devices have been
fabricated and include AgNP on ceramic foams [74], cellulose papers [76], other low cost
filter materials [78], and polyurethane foam [126]. However it is unclear how durable
these earlier structures are and in some cases, AgNP may be loosely attached and
observed to leach out [76], [127]. In the earlier chapter and various reports related to
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durability of AgNP grown using the current method showed that the current AgNP-CNTsupports are durable and can be potential disinfection devices in water.
In this chapter, AgNP were attached on surface modified porous carbon substrates that
can be integrated into electrically or thermally controlled liquid disinfection devices in
the future. It was shown that antibacterial properties of AgNP can be controlled with
electric fields [15] which require very much a conductive support like carbon. This
chapter discusses the antibacterial efficiency of the prepared structures which were
examined against gram
B negative Escherichia coli (E. Coli, JM109, K12 derivative) in
light of the surface area and surface wettability. The test materials used and antibacterial
test modes, and results are as follows.

8.2

Experimental details

8.2.1 Materials used
Selected Supports: Reticulated foam [grade 80 pores per inch, (provided by Ultramet
Inc)], are used in this study. The reticulated foam with high permeability and porosity is a
porous carbon structure suitable for deployment in water purification devices. Reticulated
foam surfaces were modified with CNT grafting, and other wettability controlling
modifications as explained in chapter 4 and 5 respectively. This was followed by AgNP
deposition using the process explained in section 6.2.2. Gram negative Escherichia coli
(E. Coli, K12 derivative) was used as a test microbe due to its nonpathogenic and its role
as an indicator of fecal contamination in water systems as well as its prevalence in
antimicrobial testing.
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8.2.2 Antibacterial efficiency test
Initially, model bacteria contaminated water (or influent water) was prepared as
explained in the following section
Influent water preparation


A K12 derivative strain of Escherichia coli (E. coli) strain of bacteria was used to
test the antimicrobial property of the AgNP anchored hierarchical carbon
supports.



E. Coli strains were stored at -80oC



E. coli was grown aerobically in Luria-Bertani (LB) broth (growing medium) at
37oC for about 20 hr. E. coli strains were inoculated with 40 ml of soy broth
medium and grown at 37oC in a shaking incubator for approximately 20 h.



The optical density of the prepared broth was measured using UV-vis
spectrophotometer at a wavelength of 600 nm.



The concentration of prepared influent water (E. Coli dispersed pure water) was
103 CFU/ml and used for testing.

Antibacterial performance of the prepared samples [11.5 mm (diameter)×4 mm
(thickness)] were tested in two types of potential water flow geometry modes; bacterial
deactivation via percolation (percolation), and tumbling of sample through influent water
suitable for use in treatment of stored water (rotation).
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Figure 52: Schematic representation of filtration/percolation test mode
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Disinfection via rotation method
In this method, 500 ml influent water was filled in glass jar contained with Ag NP loaded
porous structures. A control experiment (corresponding as-received porous structure) was
also performed. The sealed glass jars were then tumbled at a speed of 60 rpm for 40
minutes. 50 µl aliquots of the water sample (both treated and untreated) were acquired at
0, 5, 10, 20 and 40 minutes and plated onto LB agar plates. The controls in all these
experiments are; as-received and CNT grafted structures. Throughout the experiment, all
precautions were taken to avoid any external bacterial contamination.
Disinfection via percolation
In this method, influent water was kept in a storage container and pumped continuously
into the filtration system with a master flex pump drive at a rate of 100 ml/min. The
filtration system consisted of the “disinfectant” fitted inside an acrylic casing. The flow
rate was controlled by master flex L/S (model 7518-10) controller. The effluent water is
collected at the end of the filter. Schematic representation of the experimental set up was
shown in an earlier paper [128] and figure 52. The storage container - pump drive filtration system - collecting tank all were connected in series via 1/8inch latex tubing.
Schematic representation of filtration test mode is shown in figure 52. 50 µl aliquots of
the water sample were acquired at the start and the end of the percolation. In order to
increase the validation of our data and to reduce sampling error, multiple aliquots were
plated in each case. The surviving bacteria were plated on to agar plates and incubated at
37 °C for 20 hr and the CFU were counted visually. Results are reported as a fraction of
E. Coli survival (colonies formed from the water sampled after the treatment over initial
E. Coli load).
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Disinfection zone test
Disinfection zone test was performed to study the antibacterial mechanism of prepared
structures. 50 µl influent water with CFU concentration of 106/ml is streaked over the
agar plate, forming a thin moist layer. The samples were placed gently over the agar in
different petri dishes (one sample per dish) and incubated at 37 °C for 20 hr. This test
was similar to tests done by other researchers to study the antibacterial mechanism of
AgNP and AgNP based devices [74].

8.3

Results and discussion

Having confirmed AgNP average size, distribution, and deposition density of CNT
grafted surfaces as well as surface modified CNT, AgNP deposited porous structures are
tested for antibacterial performance. The interconnected micro sized pores provide
necessary structural integrity, strength, and flow channels for the fluid while the as grown
nanostructures/and or modified nanostructures on the solid surfaces tailor support SSA
and wettability required for optimum usage of any nanoparticle based devices. Silver
nanoparticle modified supports as well as controls were tested for antibacterial efficiency.
Sample used for testing are described as follows


Reticulated foam (Sample-Ι): as received foam without any further modification



CNT-foam (Sample-ΙΙ): CNT grafted as received reticulated foam



AgNP deposited foam (Sample-ΙΙΙ): AgNP were deposited on as received
reticulated foam



AgNP deposited CNT-foam (Sample-ΙV): AgNP deposited on CNT grafted high
surface area hierarchical structure.
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A

B

Figure 53: AgNP deposited on as-received foam (A) and CNT grafted reticulated foam (B)
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A

B

Figure 54: AgNP deposited on O-CNT-HOPG (A) and silica coated CNT-foam (B)
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AgNP deposited O treated CNT-foam (Sample-V): AgNP deposited on oxygen
plasma treated CNT grafted foam



AgNP deposited on silica-CNT-foam (Sample-VΙ): AgNP deposited on silica
coated CNT grafted foam.

Microstructures of controls sample Ι & ΙΙ are shown in figures 10A and 15 respectively.
Microstructures of AgNP deposited on various surface modified foam structures (samples
III-VI) were shown in figures 53A, 53B, 54A, and 54B respectively.
Detailed quantification studies on AgNP particle distribution, average size, and
deposition density were done on flat model substrates [54] have been reported in an
earlier section 7.3.3. Nonetheless, average chemical compositions of various AgNP
modified surfaces were collected via EDS and tabulated in table 12.
Elemental composition of AgNP grown surfaces wt% (Average± standard error)
Element

AgNP-RVC

AgNP-CNTRVC

AgNP-O-CNTRVC

AgNP-silicaCNT-RVC

CK

90.2±0.4

86.2±2.9

72.3±4.3

83.7±2.6

OK

8.2±0.6

6.5±0.5

13.3±1

2.8±0.1

SiK

NA

0.7±0.06

9.0±3.5

0.4±0.3

AgL

1.5±0.7

4.7±3

3.5±0.9

10.8±2.4

FeK

NA

2.0±0.4

1.7±0.3

2.3±0.3

Table 12: Energy dispersive spectroscopy quantification of AgNP deposited surfaces

8.3.1 E. Coli deactivation studies
E. Coli survivability and growth in liquid medium depend on many external and internal
factors and needed careful consideration of affected factors. Initially, influence of
external factors such as pure sterile water, CNT, and FeNP (by product of CNT growth
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B

A

Figure 55: Influence of influent water on E. Coli survivability at 0 minutes (A) and 60 minutes (B)

A

B

Figure 56: Influence of CNT grafted foam on E. Coli survivability during the course of the test; 0 minutes (A) and 60
minutes (B)

139

process) on E. Coli survivability was tested. Two individual test were performed as
results are as follows
Influence of synthetic water on bacteria survivability
This test was performed to check the survivability of E. Coli in synthetic water as lack of
nutrient can influence the survivability. The tests were performed by rotating influent
water filled glass jar at a rate of 60 RPM. The maximum run time for selected
antibacterial tests was less than 60 minutes hence it was selected. The initial (0 mins) and
final concentration (60 mins) of bacteria were 5×103 and 4×103 per ml respectively. Agar
plates with CFU of surviving bacteria regrown were shown in in figure 55A & 55B at
0mins and 60 minutes respectively.
Influence of CNT and FeNP on bacteria survivability
It was observed in earlier studies [129], [130] that both MWCNT and FeNP can influence
E. Coli survivability. Influent water was treated with CNT grafted porous structures and
number of CFU were counted at the beginning (2×103 CFU/ml) and end 1.98×103
CFU/ml) of the test.
E. Coli regrown agar plates before and after the influent water treatment with CNT
grafted foams were shown in figure 56A & 56B respectively. It is worth noting that
earlier studies [129] [131] have shown that both multiwalled carbon nanotubes
(MWCNT) and FeNP exhibit some antibacterial properties. However, the toxicity effect
of MWCNT was seen to be approximately three times lower than that of single walled
CNT (SWCNT). Moreover, the antibacterial properties of the FeNP are known to be
effective in inert atmosphere. Iron nanoparticles showed limited inactivation in air or
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oxygen environment due to passive oxide layer on NPs. In the hierarchical structures
used in this study, the chemical bonds of the FeNP are reported to be a combination of
Fe-O, and Fe-Fe and Fe-C [28].
These current results conclude that the presence of both MWCNT and FeNP cause
minimal bacterial degradation in the current test times, and measurable E. Coli
degradation can only be achieved by the presence of AgNP. These above control
experiments proved that the influence of sterile water and CNT-foam are minimal (or the
concentrations are in the same order of initial concentrations) on bacteria survivability.
8.3.2 Influence of support surface area
This test was performed to test the support SSA of AgNP modified structures on
antibacterial efficiency. The antibacterial performance of the prepared sample was tested
as explained in section 2.4. The samples Ι, ΙΙ, ΙΙΙ, and ΙV were tested in both rotation and
filtration modes and results were plotted as shown in figure 57A & 57B respectively.
Each experiment was repeated twice, with two independent samples and fresh lots of
bacteria-infused water, and three aliquots used at each step. Therefore, each data point is
averaged over six aliquots.
From rotation test results (Figure 57A), it can be seen that 40 minutes of treatment
resulted in 34% reduction (or 1-E. Coli survived) of E.Coli for AgNP-RVC samples and
71% for AgNP-CNT-RVC samples. From filtration test results (Figure 57B), three
percolations resulted in 43% bacteria deactivation in AgNP-RVC foam and 70% E. Coli
reduction in AgNP-CNT-RVC foam. The representative survived E. coli cells grown on
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A

B

Figure 57: Influence of support SSA on antibacterial efficiency; Rotation (A) and Filtration (B)
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A

C

C

D

Figure 58: Representative agar plates from rotation test results; sample I (A), sample-II (B, will be added), sample-III
(C), and sample-IV (D)
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A

B

C

D

Figure 59: Agar plates for filtration test results sample I (A), sample-II (B), sample-III (C), and sample-IV (D)
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agar plates at each data point consider in both the rotation and filtration test modes are
shown in figures 58 and 59 respectively.
Both these studies indicate that when antibacterial NPs such as AgNP are supported on
CNT-grafted substrates, their potency and purification rates can be significantly enhanced
compared to those supported on substrates without CNT grafting. Quantification of NPs
deposition density were studied in section 7.3.3 and showed that the number of NPs
deposited on hierarchical surfaces were significantly higher than the number of NPs
deposited on surfaces without CNT grafting. Number of E. Coli suspended in 500 ml
(0.5-1×106) is below the number of NPs that could possibly deposited on the 415 mm3 of
sample.
This could mean that the either some of the NPs were either ineffective or they were not
completely utilized. It was shown in wettability studies that super hydrophobicity of CNT
grafted surfaces effectively reduces the contact area between water and surfaces. Looking
from the pure geometry perspective, contact area is inversely proportional to CA. This
could be the reason for disproportionate effectiveness of the AgNP deposited on CNT
grafted foam.
8.3.3 Influence of surface wettability
Having confirmed the influence of silica coated CNT on wettability and AgNP
functionalization, AgNP were grown on O-CNT-RVC and silica-CNT-RVC for
antibacterial tests. The influence of surface wettability on antibacterial performance of
the prepared sample was tested in two modes as described in the section 8.2.2. Since the
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E. coli degradation rates through reticulated foam alone and CNT-foam were identical,
samples tested in this experiment were sample-IV, sample-V, and sample-VI.
In the rotation test, the fraction of E. coli that was deactivated for sample-IV was about
71% over a 40 minute treatment period (Figure 60A). Surprisingly deactivation rates
through sample-V are very similar to sample-IV despite significantly higher AgNP
amount observed on the O2-CNT-foam surfaces (EDAX quantification table 12). Over
40mins, sample-V has achieved 79% deactivation only while bulk Ag quantity is three
times more than the sample-IV. In contrast, sample-VI brought about complete
deactivation of E. coli (100 %) in a much shorter span of time (20 minutes) (Figure 60A).
A similar trend was seen in the filtration testing mode as well (Figure 60B). AgNP-CNTfoam brought about a 76% decrease in the bacterial load in a total of three percolations
whereas AgNP deposited on silica-CNT-RVC completely deactivated the bacterial load
(100%) in only 2 percolations (Figure 60B). The representative surviving E. coli cells
grown on agar plates at each data point considered in both the rotation and filtration test
modes were shown in figures 61 and 62 respectively.
Bactericidal properties of the AgNP depends on many factors such as size [132], shape
[133] total AgNP surface area available, and particle-cell contact [134]. It was studied
that the bactericidal effect increases with decreasing particle size [132] while the platelet
like NPs with a (111) lattice plane as the basal plane displayed the stronger biocidal
action compared to spherical or rod shaped NPs. While it is generally agreed that
antibacterial mechanism of AgNP are based on the Ag+ ion release, this does not fully
explain the toxic potency of particle based metallic silver (or AgNP) compared to silver
based compounds such as silver salts and ligands. In a recent study by Bondarenko et. al.,
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A

B

Figure 60: Influence of wettability on antibacterial efficiency; Rotation (A) and filtration (B)
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A

B

C

Figure 61: Representative agar plates at each data point; sample IV (A), sample V (B), sample VI (C)
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B

C

Figure 62: Agar plates from filtration; sample IV (A), sample V (B), sample VI (C)
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Rotation test-Survived fractional percentage of E. Coli remained (Avg, std error)
Time

0

5

10

20

40

Sample-I

1, 0

0.9, 0.1

0.9, 0.1

1.1, 0.09

1.1, 0.1

Sample-II

1, 0.02

0.97, 0.05

1, 0

0.96, 0.15

0.87, 0.08

Sample-III

1, 0.01

0.88, 0.03

0.86, 0.12

0.73, 0.1

0.66, 0.04

Sample-IV

1,0

0.88, 0.09

0.77, 0.16

0.54, 0.11

0.29, 0.11

Sample-V

1,0

0.72, 0.13

0.56, 0.09

0.32, 0.05

0.17, 0.03

Sample-VI

1,0

0.39, 0.02

0.17, 0.02

0.009, 0

0, 0

Table 13: Summary of rotation test results at each data point from each sample

Filtration test-Survived fractional percentage of E. Coli remained (Avg, std error)
sample

0

1

2

3

Sample-I

1, 0.03

1.05, 0.05

0.98, 0.04

1.02, 0.06

Sample-II

1, 0.13

1.14, 0.1

1.08, 0.17

1.07, 0.13

Sample-III

1, 0.15

0.72, 0.14

0.6, 0.17

0.56, 0.11

Sample-IV

1, 0.1

0.69, 0.18

0.4, 0.1

0.23, 0.15

Sample-V

1, 0.04

0.75, 0.08

0.48, 0.08

0.21, 0.04

Sample-VI

1, 0.08

0.34, 0.1

0, 0

0, 0

Table 14: Summary of filtration test results at each data point from each sample
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[134] demonstrated that the direct contact between bacterial cell and AgNP surface
enhanced the toxicity of nanoparticle based silver.
In our study, AgNP grown on both CNT-HOPG and O-CNT-HOPG yielded
predominately spherical particles with mean size of 4-5.5 nm while AgNP on silica-CNTHOPG yielded 12.5±11.5 nm NPs with varying sizes and shapes. Moreover, the
wettability of AgNP coated silica-CNT-RVC supports is much stronger than the CNT
grafted supports. Surface wettability of AgNP grown on various modified CNT-HOPG
surfaces can be seen in figure 63. Contact angle on AgNP coated CNT-HOPG (Figure
63A), O-CNT-HOPG (Figure 63B), and silica-CNT-HOPG (Figure 63C) is 146o, 127±2o,
and 31o respectively. Summarizing the effects of particle deposition density and surface
wettability in liquid medium, it is not surprising to see the antibacterial efficacies of
AgNP deposited on silica-CNT-RVC outperforming both the samples IV and V by a long
margin. From these results, we can conclude that the antibacterial efficiency of the AgNP
deposited supports can be improved significantly by improving the support wettability.
Complete summary of fractional E. Coli survived from all the samples tested are shown
in table 13 and 14.
Results from the aforementioned tests lead to following conclusions; 1) decrease in
bacterial survival was solely due to the presence of AgNP, 2) support SSA plays an
important role in bacterial deactivation efficiency and higher surfaces lead to higher
efficiency, and 3) more importantly surface wettability plays a crucial role in bacterial
deactivation and increasing wettability increases efficiency. It must be remembered that
these conclusions are based on the AgNP contained devices deployed in liquid medium
and may or may not be applicable other environments.
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A

B

C

Figure 63: Surface wettability of AgNP deposited various surface modified surfaces; AgNP-CNT-HOPG (A), AgNP-OCNT-HOPG (B), and AgNP-Silica-CNT-HOPG (C)
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Silver nanoparticles obtained in this method were seen to be very lethal against E.Coli
bacteria. These structures along with high permeability have the potential to be
incorporated in small lightweight silver based porous structures for removing pathogens
from liquids.
8.3.4 Disinfection zone test/mechanism
It was proved in earlier studies that anti-bacterial effects of Ag comes from the silver ions
(Ag+) released from nanoparticles [135]. The antibacterial mechanism of silver is still
debated and not yet completely agreed upon. The antibacterial mechanism of silver is
mainly explained by two mechanisms [136] : Bactericidal effect and bacteriostatic effect.
In the former mechanism, the Ag+ released from the nanoparticles attacks the cell
membrane and changes the cell permeability. This action causes several effects [124],
[135], [136] such as the cytoplasm leakage, membrane structure degradation by pits,
protein denaturation, and eventually causing its death.
In the later mechanism [137], bacteriostatic effect, is the bacteria’s inability to replicate
and form a colony under Ag+ attack. Silver ion penetrates into the bacteria cell and
interferes with the bacteria growth-signaling pathway. It was observed that, silver ion
interaction with tyrosine phosphorylation (chemical content in protein that critical for cell
viability and division) and reduces its content.
In either mechanism, the antibacterial efficiency of AgNP comes from availability of Ag+
ions. Therefore a qualitative study, disinfection zone test was designed to test the
antibacterial mechanism of current Ag contained samples. This test was performed as
explained in section 8.2.2.
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Figure 64: Disinfection zone test from samples I (A), sample II (B), sample III (C), sample IV (D)
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B

A

C

Figure 65: Disinfection zone test from samples V (A), sample VI (B), and bulk silver disk (C)
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Samples from Ι-VI and additional pure silver 2mm disk were tested in this experiment.
Both the samples I & II did not show any disinfection zone around them as expected
(Figure 64A & 64B). Surprisingly, there was no disinfection zone observed in case of
sample III (Figure 64C) and bulk silver disk (Figure 65C) whereas rest of the Ag
deposited foam samples IV, V, and VI had a detectable disinfection zone (Figure 64D,
65A, & 65B) from the edge of the sample.
The observed disinfection zone in AgNP coated CNT grafted foams should be attributed
to Ag+ released from the sample. The fact that none were seen from sample III implies
they do not contain sufficient amount of Ag to release the needed amount of ions to the
surroundings. From the disinfection zones tests performed so far, with various AgNP
deposited samples, there seems to be a direct correlation between disinfection area and
Ag content. However, more tests will be required to establish the relationship between
Ag content and disinfection area. From the disinfection test results, it is further confirms
that it is Ag ions rather than AgNP that possess the antibacterial activity [74].
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Chapter 9: Summary

This dissertation has focused on the investigation of functional hierarchical materials
suitable for next generation fluid purification devices. Hierarchical porous structures
were fabricated by grafting carbon nanotubes (CNT) via chemical vapor deposition
method. Nanotubes were successfully grown through 4-5mm thick samples of carbon
foam having open interconnected porosity, and optimized CNT growth parameters using
this method. In-depth investigation of surface properties of these types of hierarchical
materials were performed on flat model surfaces of Highly Oriented Pyrolytic graphite
(HOPG) and then correlated with engineering properties seen on three dimensional
porous foams.
The surfaces were modified with silicon oxide coatings via sol gel method using a silica
precursor solvent. Secondary, transmission electron microstructures, and EDAX analysis
showed that the individual CNT were indeed coated with amorphous silica. The layers
are not very uniform, however, and there is scope for future improvement to control
coating uniformity. Detailed XPS study indicates that the surface chemistry of the silica
coating is identical to that of pure SiO2 with no traces of sub oxides or other residual
impurities. Water contact angle measurements were made to understand the wettability
and water permeation behavior of these surface modified materials. It was seen that the
CNT-coated HOPG surface was highly hydrophobic with contact angle of 165±2°, which
became hydrophilic with contact angle of

45±5° after silica coating. This is similar in

trend, but significantly more durable and effective compared to other surface
157

modification techniques of increasing surface wettability, such as plasma treatments and
acid etching.
Influence of surface modifications on the fluid permeability and “effective surface area”
of porous structures was studied using pressure build-up (ΔP/L) for different water flow
rates. Overall “effective permeability” of carbon foam samples was decreased with CNT
grafting due to the super hydrophobicity of CNT coated surfaces, which reduces the
effective fluid flow cross-section area. Oxide coatings improved the “effective”
permeability as evident from the lower ΔP/L at given velocity despite the fact that surface
morphology did not change.
These CNT-modified foam structures were further functionalized with silver
nanoparticles (AgNP) capable of bacterial degradation and water disinfection. XRD
studies revealed the formation of metallic FCC silver with (111) basal plane. Influence of
surface modifications on the nanoparticle size, distribution, and deposition density were
analyzed. Particle density analysis revealed that a significantly higher amount of NPs can
be deposited on CNT grafted surfaces compared surfaces without CNT. Particle size
distribution is influenced by surface treatments. Whereas fine NP size (4-5 nm) with
narrow distribution are seen on CNT and plasma-etched CNT, silica-CNT-HOPG
samples showed wider distribution of larger particles (11.8±11.5 nm), probably due to
significantly higher crowding of nanoparticles.
The antibacterial efficiency of AgNP deposited porous structures was tested. These
studies lead to following conclusions: 1) Decrease in bacterial counts is mainly due to the
presence of AgNP, and the contribution of carbon is minimal in comparison; 2) Specific
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surface area (SSA) of the solid support plays an important role in disinfection efficiency
and higher SSA materials increase anti-bacteria power; and 3) Improved surface
wettability and resulting increase in water permeability through the CNT layer increases
anti-bacterial capacity of these structures.
This dissertation attempts to provide a comprehensive ground work for future water
purification devices based on hierarchical structures and nanomaterials. In addition to the
applications invested here, these materials have other potential uses such as supports for
catalytic nanoparticles, advanced composites, thermal management composites, and
biological materials for tissue regeneration.
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Chapter 10: Future work

As indicated earlier, the results of this investigation can provide the groundwork for a
wide range of applications. Some areas of immediate investigation that can follow this
study are outlined below:


Influence of surface treatments on the surface wettability of matrix materials, and
its impact on the mechanical performance of composites derived from these
structures will be an useful line of study.



For use in water purification devices, highly sensitivity environmental studies to
measure and understand rates of leaching or release of Ag ions in the water needs
to be performed.



Other than nonpathogenic E. coli tested in this work, these structures can also be
tested for deactivation of other air and water borne biological pathogens.



Mathematical modeling of water flow on the hierarchical surface, and influence of
surface treatments on the effective permeability will be required to correlate the
current experimental results with physical material parameters.



Silver nanoparticles supported on high surface area porous supports have many
other applications in bio sensors, porous electrodes, and optics related
applications.
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Chapter 12: Appendix
This chapter provides the important supporting information that has a direct or indirect
relevance to this dissertation. Some of the information may not be mentioned in the main
text as it deemed misfit but an important result on the future work in this field.

11.1 CA optimization
As discussed in this dissertation, CA measurement apparatus was lab built based on the
commercially avialble goniometer model. To check the validity of the measurements on
this tool, CA was measured on freshly cleaved HOPG graphite. Photograph of water
droplet on cleaved HOPG is shown in figure 66 and CA was measured to be 73±3o. This
measurement is well in agreement with the earlier reported values measured with
conventional goniometers, hence current set up can be used for measureing static CA in
this research. As mentioned throught out the dissertation, CA is very much depedent on
the surface oxygen absorption and close to 5 at% of oxygen is expected on the HOPG
surface.

11.2 TEM characterization
High resolution Tranmission electron microscopy (TEM) pictures are taken on as-grown
and silica coated CNT and were shown in figures 67A and 67B respectively. In case of as
grown CNT, CNT walls (approximately 2.5nm thick) were clearly seen in the form of
fringe lines. in case of silica coated CNT, a patchy texture less region is seen on top of
the CNT which relates to amorphous silica. This result supports the STEM and XRD
measurements showed in sections 5.3.2 and 5.3.3 respectively.
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73±2.6°

Figure 66: Water contact angle on HOPG
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Figure 67: TEM microstructure of as grown CNT (A) and silica coated CNT (B)
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Figure 68: EDS composition spectrum on as grown CNT (A) and silica coated CNT (B)
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Energy dispersive spectrums also showed higher concentration of Si on silica coated
CNT compared to as-grown CNT. The EDS spectrums for as-grown and silica coated
CNT are shown in figures 68A and 68B respectively. The Si peak from as-grown CNT
originates from the patches of silica buffer layer peeled off along with the CNT carpet.

11.3 AgNP growth on 2-d planar supports
Silver nanoparticles were grown on two dimensional membrane like structures such as
carbon nanostructures (Bucky paper) to polymer membranes made from poly tetra
flouroethylene (PTFE) and cellulose papers. Unlike rigid three dimensional foams used in
this research, these structures are structurally flexibile and offer many advantages. Silver
nanoparticles deposited on these flexible sheets are ideal materials to incorporate in
wound dressing and liquid purification devices. Microstructures 69A, 69B, and 69C show
the AgNP deposited bucky paper, celluloase paper, and PTFE respectively.
11.3.1 Influence of wet etching on AgNP growth
Silver nanoparticle deposition on some structures seems harder due to unfavourable
surface chemistries. One such example is commercially available carbon fabric cloth.
These stuctures are usually coated with polymer thin films to protect them from oxidation
and corrosion. Nanoparticle functionalization on these surfaces can be improved by wet
chemistry methods such as acid etching. For example, fibers were treated with mixture of
70% nitric acid (HNO3) and 100% Sulfuric acid (H2SO4) in 1:3 volume tri ratio had
significantly higher NP density than surfaces without etching. Figure 70A and 70B shows
the microstructures of AgNP grown on carbon fabric cloth before and after treatment
with solution respectively.
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Figure 69: AgNP growth on nanostructured carbon paper (A), cellulose paper (B), and poly tetraflouro ethylene (C)
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Figure 70: Influence of surface treatment on AgNP growth; AgNP on as-received fibers (A) and AgNP on piranha
treated fibers (B)

180

It is clear from these obersations that AgNP deposition density can be greatly enhanced
with the standard wet chemical surface treatments. These results are in agreement with
the previous observed results on the nanoparticle growth with the influence of surface
treatment [138]. This result provides a quick reference for the future research on growing
AgNP on fabric cltoh as they are historically well used materials for various applications.
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